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I. INTRODUCTION 

Energy and momentum diffusion in a low Mach number gas 
eductor system 15 an interesting problem which has been 
under study at the Naval Postgraduate School for some time. 
This research has been notivated by the J. S. Wavy's intro- 
duction of marine gas turbine propulsion systems in signifi- 
cant numbers of modern combatant ships. The marine gas 
turbine engine differs significantly from conventional st2an 
boiler systems in air breathing characteristics. For an 
equivalent power output, the gas turbine engine processes 
four to five times the volume of combustion air and has a 
inal exhaust temperature some 300 t9 400 degrees Fahrenheit 
hotter «han the steam system. Such characteristics create 


oroblems in the shipboard 2mvloyment of th 
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The high temperature g2s heats uptake and stack 
Surfaces, increasing ¢he vessel's susceptibility «*o detec- 
fence aed cargeting by thermal imaging (infra-red) equipment. 
The exhaust plume itself is also a datecticn problem but cf 
less Significance than thea heated surfaces of shicboard 
Peeicture. Various types of slectftonic equioments and 


Seg SOrs carried by a conbatant vessel must be nountec as far 
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materials used in construction of these equipments and their 
associated cabling are subject to accelerated daterioration 


in the presence of the heated exhaust plume. It is, 
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he vicinity of such equipment. finally, 


ae) 


a 
rh 


umbers of small combatants are operating and 
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increasing 
Saecying a variety of airsratt. Since landing areas are 


Meemally on the ship's fantail, it is necessary for these 
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aircraft to approach from astern and to descend through the 
Ship's exhaust plume during landing. This increases the 
hazard of operation within the ship's already turbulent wake 


and is a highly undesirables effect. 


Due to the inherent design of a gas turbine engine, 


t- 


reduction of the volume of the 2xhaus*t plume is not 
feasible, consequently, reduction of the gas tenperatures 
within the piume becomes highly desirable. The nost attrac- 
tive way to accomplish this goal would be to employ sone 


sort of energy recovery system within the uptakes, zherebdv 


Simultaneously reducing the plume tenperatures and 


Systems are, of course, entirely feasible for cartain engine 


Bee caticns. This is de 
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boilets used *o provide steam for auxiliary purposes in «he 
DD 963 and CG 47 ship classes. These boilers, however, are 
Meseagti@d in conjuction with the gas turbine generator sets 


Meera) tO provide shipboard electrical power and aot with «he 
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Main proplusion engines. fhe wide and rapid range of power 
fluctuations associated with propulsion engine speration 
tend to make the installation of a waste heat boiler which 
serves a relatively constant load impractical. 

An energy recovery design for us2 with propulsion 
engines which is currently receiving serious consideration 
is RACER (Rankine Cycle En2tgy Recovery). In this concept, 
steam from a waste heat boiler drives a steam turbine which 
is paired with the gas turbine power turbine through a 
combining gearbox. While preliminary designs for this 
system show great promise, i* has not yet been demonstrated 


in full scale operation. In any event, it would not be 


(D 


pmeecaple FOr retrofit intdS existing hulls, and installation 
is planned for only one or two cruis? engines in a three or 
meter engine ship. Thus, it is faicly certain that, although 
desirable, energy recovery is not a practicable solution to 
Many aspects of the plums temperature problen. 

A second means of reducing plume temperature is water 
Suppression. In these systems, which are currently 
installed in some ships, salt water is spraved into the 
exhaust near the stack exit. Such a anesthod has many draw- 
packs. It requires a water supply which involves a systen 


@emounps, piping and valvas. This, 2f course, involves 


considerable installation weight and expense and levies 
Meee -~102al maintenance reguirements on the ship's force. 


Uss of the suppression spr2ay could also intensify problems 
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with mast mounted electronics equipment due tc deposition of 
sal+s. In general, this system produces increased corrosion 
and maintenance problems for all exposed weather deck areas. 
At best, water suppression is an intermittent systen, 
intended to be activated only when th2 ship is under threat 
of imminent attack. As an “in extemis" defense, some forn 
of water suppression syst2m will probably be a necessity in 
any design. ft will not serve, however, to meet the 
Bequirenen= for a system which can operate continuously to 
reduce exhast plume temperatures and to cocl stack surface2s. 
A third method of cooling the axhaust plume, also in 

current use, is +o dilute the exhaust gas flow with ambient 
Meee The sesuit is a larger volume 9f flow, but at signifi- 
@aptiy reduced temperatures and velocities. This dilution 


2s achieved by employing the exhaust discharge 2s the 


Belmary jet in a gas eductor systen. The eductor action 
Causes ambient air +o become entrained in the flow and «+o ba 


G@rawr into the mixing section of the eductor whare it nixes 
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with the primary flow. 
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encountered in the gas 2 


understood. The process has been studied by a number of 


Eesecarchers for a variety 9f purposes. Operation of gas 
eductors can be separated roughly into three regines. At 


eal 
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upper end where Mach numbers based on the jet velocizy 


approach and exceed one, there has been consilerapis 
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moeeceest Decause of applicaticns in thrust augmentation for 
Bee@ecraft and rocket engines. In the mid-region, particu- 
larly in the Mach number range of 0.4 to 0.6, research has 
been stimulated by the desire to obtain thrust enhancement 
in Vertical Takeoff and Landing (VIOL) aircraft. Relatively 
little work has been reported regarding gas eductor opera- 
Been at jet Mach numbers 9£ less than 0.2. This is the 
megeene Which has direct application for dilution ccoling of 
engine exhaust flows and which has been the focus of contin- 
uing research at the Naval Postgraduate School. oss 

[Ref. 1] provides a rather complete survey of the literature 


dealing with gas eductor systems. 
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models can be tested at realistic temperatures, confirming 


the results of cold flow testing. 


meee LNITIAL INVESTIGATIONS AT NPS 

The initial investigation of gas eductor performance at 
the Naval Postgraduate school was uniertaken by Ellin 
fRef. 2]. This work was based on a Simple one limensional 
gas eductor model developed by Pucci {Ref. 3]. Ellin tested 


G2termine the effects of 
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three basic eductor geometries ¢t 
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varying the area of the primary jet 
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Semene mixing stack, the 2ffect of changing the number of 
primary nozzles, and the 2ffect of standoff distance. 
Standoff distance is the axial distance between the exit 
plane of the primary nozzles and the entrance section of the 
Mixing stack. Ellin verified a correlation between dimen- 
Sionless parameters representing the pressure in a neasure- 
Meee plenum and che eductor's induced, or secondary, air 
mass flow which is derived from dimensional analysis of the 
on2 dimensional model. EZllin's work was was followed by 
Mess ft Ref. 1], and Harrell ([Ref. 4]. 

Werking independently along parallel lines, Moss and 
Hartzell veriried that the iimensionl2ss pumping coefficient 
was largely independent of the uptake Mach number. Moss 
PUreher investigated the effects of mixing stack length, 
emeaOrt distance, ard nixing stack entrance gesnetzy for 


feeelS having four orimary jets. Harrell tested sinilar 
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variables on a model of different scale using a single 
primary jet and on an additional mod2l having four primary 
nozzles. Harreli's results verifisd that scaling was not a 
parameter in the non-dimensional correlation. 

The preceeding work of Ellin, Moss, and Harrell all 
having been conducted in the cold flow facility, it was 
considered necessary to conduct verification testing at 


actual operating *emperatures. Accordingly, Ross {Ref. 5] 
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Peder tock construction and verification of the hot flow 
sacility used by this and other researchers. Using “he 
MactlLity constructed by Ross and acting on the reconmenda- 
tions of Moss and Harrell, Welch (Ref. 6] tested a fcur 
nozzle, solid walled mixing stack ductor system at five 
uptake temperatures between 1609 FP aad 850° FF. His investi- 
Mees On Was conducted at a standoff ratio of 0.5 (the ratio 
of standoff distance to mixing stack inside diameter) and 
Moensidered the effects of varying th2® mixing stack Length 
Memacaccerized by the ratio of mixing stack length to mixing 
feemon diameter: L/D) and changing the ratio cf mixing stack 


area to total primary nozzle area. 


eee ROVEMENTS IN MIXING STACK CONFIGURATION 
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fee anhetial Work was conducted with straight, solid 
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Meee ss cn througheut the Length of the mixing stack bv 


Mees, Hatteli, and Weich sugcested that additional, or 
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tertiary flow could be induced into the mixing stack along 
its length and that this flow could be used to reduce exter- 
nally detectable temperatures by means of film coolin 

flows. Staehli and Lemke [{ Ref. 7] used the cold flow 
macalitzty <O investigate the effects of both solid and rings 
MeeEUusSers, cooling ports in the mixing stack, and shrouding. 
Meeeering L/D's varying from 1.75 to 3.0 were tasted. fo 
Misting stack area to primary jet area ratios (2.5 and 3.0} 


were included in the variables considered. 


th 


Bee (Rete 8) f£0ldowed tWelch in hot Elow testiag by 
considering the performance of a solid wall mixing stack 
meen LE /D=2.5 and a slotted mixing stack of L/D=1.75 
Surrounded by shroud and diffusers with one and two rings. 
The shroud and diffuser combination increased the overall 
[emgen of the mixing stack assembly to L/D=2.5. Hill's two 
Ting diffuser assembly was tested again by this researcher 
and is uséd as one basis for comparison in this work. 
Memassociated, 5Uut Ladi rectiy related work in 1980-1981, 
Saaw [Ref. 9] and Ryan [ Ref.j 10] develoved a “pluq stack" 


geometry intended to elini 
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Sementral Shielding structure which 2mploys certain film 
Beeting features. This work, though somewhat promising, 


remains to be pursued. 
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cD. ENHANCED MIXING NOZZLE GEOMETRIES 

In order to enhance tha mixing process within the mixing 
stack it was considered desirable to facilitate mixing 
between the primary and secondary gas flows on a macroscopic 
scale. This was to be accomplished by using ¢ilted and 
angled nozzles to create 2 swirling action within the 
Pmeetacy jet. Davis [ Ref. 11], in cold flow testing, consid- 


ered the performance of four nozzle orimary jets created by 
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Seemeaight nozzles and a number of tilted~angled nozzles. dis 
work was performed with three differant solid walled mixing 
peek S With L/D*s of 1.75, 1.5, and 1.25. 

menting On the fesults of this work, Drucker [ Ref. 12] 
Semauc=2+d some additional sold flow verification runs on the 


eductor geometeries tested by Davis and then extended this 


WEEK *o a shorter, slott 
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meme Gi ffuser. AS with Davis, Drucker's primary jet was 
formed in four nozzles. Based on Davis! recommendations the 
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degrees fron the circumferantial 
feng Stack contained four tows of cooling slots similar in 
Memeut =O that of Hill and was surrounded by a Film cooling 
Seeoud Which temminated in a two ring diffuser. Two 


diffuser half-angles wer2s tested, 7.3 and 10.8 dagrees. 


Peertear pimping coefficient performance was obtained fer 
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both geometries, but areas or suspected low flow were found 
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Mmmpeneuyiecin ty Of 2=he Second diffuser fing for the 10.8 


degree model. 


fee CURRENT OBJECTIVES 

The specific goal of this investigation was to verify 
the high temperature performance of the particular eductor 
configuration which was developed by Davis and Drucker. 
After initial attempts to operate the high temperature test 
Becility were unsatisfactory and after reviewing the werk 
anaes Teccmmendations of Welsh {Ref. 6] and Hill ‘Ref. 8], a 
supplementary goal of improving the operating range and 
characteristics of the combustion gas generatcr was 


established. 
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TII. THEORY AND MODELING 

mmeadue or 25 a devices in which a primary jet of fluid 
is directed into a co-axial mixing chamber in such a2 way 
that a volume of secondary fluid is entrained in the flow 
and a pumping action cccurs. The primary and secondary 
fluids may be either liguids cr gases in any combination. 
Even solids can be pumped in a slurry form. This research 
considers an eductor system in which both fluids ar: gases 
in incompressible flow. 

An eductor iS cemprisei of a primary nozzle plate wnich 
forms primary jet and a mixing chamber in which the prinary 
Mirag hakes with the pumped, or secondary fluid. The nezzle 
plate may contain one or several nozzles which aay or may 
Remeampa=c a SWirling motion to the jet. The jet is 
@esehne=gqead into 32 co-axial mixing dust which has interior 
Ginensicns larger than the jet diameter. Surrounding tha 
Mixing chamber entrance is the secondary fluid which is «+o 
Mewoumrped. This fluid is entrained in the primary flow by 


Meesecous shear interaction and drawn into the mixing chamber 


Dy a pressure depression created there. The pressure 
Seteeess On in the mixing shamber is found “o persist for 


Beme, d-S-ance along the chamber and is found caoable of 


Meererig add. tional, cr tertiary flows, into «he chamber 





mneeugn pOr-s along its length. Figure (1) is a 
representation of a simple one dimensional eductor model. 
Denes ose ket iSewoOlK 2S che ability of a hot primary 
Meme tO efictrain and mix With a coolsr ambient fluid of the 
same species producing a uniforn flow of fluid at an inter- 
mediate temperature. As this work is the continuation of 
research at the Naval Postgraduate School previously 


discussed, it was intended that simiiarity be maintained 


1) 


between this and previous work to permit correlation of data 
and to preserve the original error analysis conducted by 
Ellin [Ref. 2]. Similarity between the basic geometries 
tested has been maintained by all inves*igators and, in this 
instance, the model of int2arest is geometrically similar <*o 
a cold flow model previously tested by Drucker. Mach number 


Similarity has been used to establish dynamic siailarity 
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between the primary gas flow rates of the nodels and «he 


prototype. Dimensionless parameters controlling the flew as 


derived from a one-dimensional analysis o 
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primary and secondary flows. fertiary flows may be sini- 
larly non-dinensionaliz2d using the same base parameters as 
Beeeseccordary flow. Tertiary tlows, though present, were 


Meeemeasured in this work. 
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mee MODELING TECHNIQUE 

The primary gas flow in the prototype mixing stack is 
turbulent (Re > 105) when based on the average flow proper- 
mies within the mixing stack and the hydraulic diameter of 
the mixing stack. AS a consequence of this, monentun 
exchange is predominent over shear interaction, and the 
kinetic and internal energy terms ar2 more influential on 
the flow than are viscous forces. Since it can be shown 
that the Mach number represents the ratio of kinetic energy 
of a flow to its internal enerery, the Mach numseéer is a more 
Significant parameter than the Reynolds number in describing 
this turbulent flow. Because the effectiveness of the 
eductor changes the volume of the iniuced flows and cconse- 
quently the average velocities and flow properties within 
ene Mixing stack, modeling similarity based on sonditions 
Beeman the mixing stack is not feasible. It is, however, 


possible to accurately nod3l1 primary flow through the proto- 


eyoe uptake using Mach number similarity. It is «his 
Similarity which has been maintained. 


Peo NS-DIMENSTONAL ANALYSIS OF A SIMPLE EDUCTOR 


The following analysis is presented bv Drucker 


E 


iets 12 ij. 


Mere =neorectical analysis of an educto 


O 
t4 
=| 
pv 
a 
I 
(D 
fu 
'O 
if @ 
ty 
O 
{wv 
Q 
es 
wD 
plu 


Ba two weys. One method 2*tempts *o ana 


$- 
Mg 
N 
1 
it 
© By 
(pb 
fis 
qe) 
qt 
fu 
}- 
j-4 
in 
O 
th 
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as it takes place inside *t#aixing stack. This requires an 
interpretation of the mixisgghenomenon which, when applied 
to a multiple nozzle systa, comes extremely complex. The 
other method, which was cuss here, analyzes the overall 
verformance of the educt@ mstem ani is not concerned with 
the actual mixing process. Ts avoid repetition of previous 
reports oniy the main parammrs and assumptions will be 
presented here. A complst?trivation of the analysis used 
can be found in Referencs@j and [3]. The ona-dinensional 
flow analysis of the SimSe@actor system (Figure 1) 
described depends on th2 Switanesus solution of the conti- 
nuity, momentum, and snerwagrations coupled with the equa- 
tion of state, all compat@e with specific boundary 

CGa ditions: 


The idealizations aad=@ simplifying the analysis are 


1) The flow is steadjsete and incomnpressibie. 


2) Adiabatic flow ex@Méhroughou~ the eductor with 
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plenum {a2 sSecti@Mto the throat or antrance of 
*h]= Maxdng stack Gesection 1) and irraversible 
adiabatic MixingG@e mew prinary and secondary 
Streams OCCurs in@t@sixing stack (between sections 
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3) 


4) 


5) 


6) 


7) 


c(t 


The static pressur2 across the flow a+ the entrance 
and exit planes cf the mixing-tube (at sections 1 


ama 2) 2S UnLice wm. 


At the mixing stack entrance (Section 1) the primary 
flow velocity u., and temperature T are unifora 
across the primary stream, and the secondary flcw 
velocity o. and tamperature - acre uniform across 


*he secondary str2am, out Un does not equal Jew and 


T does not equal? . 
D S 


Incomplete mixing of the prinary and secondary 
streams in the mixing stack is accounted for by the 
us2 of a non-dimensional momentum correction factor 
K which relates the actual nomentum rate to the 
pSeudo-rate based on the pulk-average velecity and 
density and by the use of a ton-dimensional kinetic 
Sieauy GOEESCT2ON ¢ actor K Wint ch 2elaces th] actual 
kinetic energy rats to the oseudo-rate based on the 


bulk-average velocity and density. 
Both gas flews behave as verfect aases. 
Flow potential energy pesition changes are 


negqligibie. 
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8) 


9) 


The 


p2 used 


ressure changes P =o? and P. to Pare small 
P g sO sl iL a 

Hevatire 6O tne Sracic DEreESsure, So that the gas 
density is essentially depenient upon temperature 


(and atmospheric oressure). 


[eer crcl Ons terneaMmixeng Stack 1S accounced £or 
Moan ne COnVeneiondal Dipe Erzietion factor tern 
based on the bulk-average flow velocity U, and the 
mixing stack wall aczea A 


BOLMOWS NG Veszamecots, defined Mere for clarity, will 


in the following development. 


ratio of primary flow area to 
Mixing Stack Cross section atea 


Bop Ormor wall GPictson area to 
mixing stack cross sectional area 


fomenc um coer ecte zon facto=t for 
Paitary Gut. 0g 


TomMen-UMNNCor roct? On 2=ac=or ior 
mixed flow 


(fs) Ln Sie alee = Clee ras Gelncla, 
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Based on the continuity equation, the conservation of 


mass principle for steady flow yields 


Ww =W +W  +W 
m p S t 


{eqn 3.1) 
where: 
Woes 2 UA 
p pp R 
Wye = 0 UA 
S 55 
ee = oA 
—_ co 8 
Wo sen UA 
mM Bel ae 64) 
(eq n34.2) 
All cf the above velocity and density terms, with the 
pxeeption of oe and Uj are defined without ambiguity by 
Vertue of idealizations (3) and (4) above. Combining equa- 


feos (3-1) and (3.2) above, the bulk average velocity at 


the exit plane of the mixing stack becomes 


WoW, +W 
S L Dp 


mM o «UA 
m Mm 
(equ 325) 
where AL Pomoc Cm Yeas G2ONec ric Goncigquration and 
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where Ta is calculated as the bulk average temperature from 
the energy equation (3.11) below. The momentum equation 
stems from Newton's second and third laws of motion and is 
the conventional fozce and momentum-rate balance in fluid 


mechanics. 


WoU, WeUs Wy, WU = 
Nr andi: pei ae a l SO 


(2a a 30) 


Memes the introduction of idealizaticns (3) and (5). To 
@esount for a possibie non-uniforn velocity profile acrecss 
Meemprimary nozzle exit, the momentum correction factor K 
Mmemen-croduced here. It is defined in @ manner similar +o 
Sia* of K_, and by idealization (4), supported by work 
conducted by 
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Meo cesult,. The momentun correction factor f We Boal | 


Stack exit is defined by the ralation 








(ogn 3.6) 


where JU. *s evaluated as the bulk-average velocity from 
Semec:on (3.3). The Wall skin friction force F.. can be 


related to the flow steam velocity by 
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WSing idealization (9). As areassnably good approximation 


from the Reynolds number 


-O,2 
f = 0. 046 (Re) 


“acd 
UO 
a 
t ' 
a | 
OQ 
} s 
"Us 
j~4 
WD 
ct 
ey 
i? 
< 
(D 
OF 
i’ 
iD 
{v 
f Us 


Appiyina the conservation of energy 


E108 systen in the mixis 


‘2 
iQ 
Vi 
ct 
ey 
e) 
Pa’ 
©) 
iD 
vt 
2%; 
iv 
iD 
ea | 
ot 
2 
eh 
ip 
AD! 
ct 
rt 
ju 
a 
(b 
fu 
Au 


(a) 
OO 














(edmitrs .2) 


neglecting potential energy of position changes (idealiza- 


ftom 7). Note the introduction of the kinetic anergy 


Benatection factor Kae which is derined by the ralation 


{eqn 3.10) 
It may be demonstrated that for the 


the mixed mean flow temperature en, rhe 


may be neglected to yield 





_ W WW 
m Wp Wes 7 wo 
(ean 3. 17) 
where i = ?(h,) Onna we eene Tdsalazaeion. (6). 
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The energy equation for the isentropic flow of the 
secondary air from the planum to the entrance of the mixing 


stack may be shown to reduce to 


Similarly, the energy equation for the tertiary air flow 


reduces to 


Coane 34-13) 


The previous equations may be sonbined *o yield the 
vacuum produced by «he aductor action in either the 
Seeendaly Or tertiary air plenums. For the secondary a4 
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plenum, *he vacuum produces 
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Masce it 12S understood that A, and ° 5 apply to the primary 


flow at the entrance to the mixing stack, Ae ance ueapoly to 
the secondary flow at this same section, and A, and o, appl: 
to mixed flow at the exit of the mixing stack system. P is 
atmospheric pressure, and is equal *9 “he pressure at th 


Peet of the mixing stack. Ais the aeea of the insideswall 


Seetne Mixing stack. 


For the tertiary air olenem, the vacuum produced is 


(WeN J owl, 
ee PS a ( 
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(eqns 2) 
Where the primary flow now consists of both the primary 


BemeevroON-OLMSNSIONAL FORM OF THE SIMPLE EDUCTOR SQUATION 
Mmotder 20 Satisiy the criteria of geometrically 


Similiar flows, the non-dimensional parameters which govern 


*he flow must be determined. The means chosen for detser- 


Mining these parameters was *o normalize equations (3.14) 


amet os. 15) with the following dinmensionl 
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a pressure cosfficient which 
compares the pumped head 
(Pa-Pos) tor che Econ cery flow 
to “ehhe driving head (U, £/29,) of 
The pr2lary £1 OM 


Aeouescizne COstticient whacn 
compares the pumped head 

(a eon i= .eltiazy flow 
=o “the driving head (U p*/25q) oye 
the primary flow 


a flow rate ratio, secondary to 
primary mass flow rate 


a Elcow rate ra 
primary mass f 
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an absolute tamperature ratio, 
Sere dacy oO) Primary 


Ser howedensicy ratio of the 
SseGoRndasy =O Diimary flow. “Note 


maee sance the fluids ars 
considered perfect gases, 


a ebowdenscfy satio-O0. the 
Wepre y, OG £21 -—Ccoolzng, flow 
to primary flow. Note that 
Since the fluids are considered 
perfect gases, 


eee Ps lars 
t I Ty 


O 
jl Ww 
4 «t 
} 4 tte 
=| 
ay) 
t{ 
<4 


S2Gendery £low aneea 
flow area 


ct jv 
S| 
O 
O 
rh 


43 





ity : t Seca "OTOL ete= starry flow area tc 
¢ A primary flow area 


With these non-dimensional groupings, ¢quations (3.14) and 
feeeta) Can be rewritten in dimensionless form. Since both 
equations follow the same format, onlv the results for the 


secondary air plenum are presented here. 
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This may be rewritten as 
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As can be seen from equation (3.718) 
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have been used in past research to correlate the static 


pressure distribution down the length of the mixing stack. 








PMS a pressure coefficient which 
9 compares the pumping head 
PMS°* = = (aoe cOrethe secondary flow 
yy 2 to the driving head (Up2/2g,) of 
p the primary flow, where 
5 PMS = static pressure along the 
g mixing stack length 
oe 
x Patio of the 2xial distance from 
ee eee the mixing stack entrance to the 
D diameter cf the @ixing stack 


Pome cXPERIMENTAL CORRELATION 

For the geometries and flow rates investigated, it was 
Semaaecrmed oy Ellin [Ref. 2] and Moss [R8ef. 1] that a satis- 
factory correlation of the variable P*, T* and #* takes the 


for m 





== swt”) 
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G2@pa. 25) 


where «he exponent "n" was determined +o be equal to 0.44. 
Mis details ox the determination of n = 0.44 as the corrs- 


peame-Or MOdel being «ested is given by Ellin. To obtain a 


aly 
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gas eductor model's pumping characteristic curve, the 
experimental data is correlated and analyzed by using 
Pametion (3.23), that is, P¥/T® is plotted as a function of 
W*¥T*0.4%4*, This correlation is used to predict the 
open-~to-the-environment operating point for the gas eductor 
model. Variations in the model's geometry will change the 
Puwpaing ability, which can be evaluated from the plot of 
equation (3.23). The valu2 of parameter W*T*9.%* when 


p*/T* = 0 is referred to as the pumping coefficient. 
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The experimental facility used was originally 
constructed by Ross [{[ Ref. 5] and later used by Welch 
fRef. 6] and Hill [Ref. 8]. The gas generator was 
Seascructed from the combustor section and turbine nozzle 


box of a Boeing Model 502 gas turbine? engine. Conponents of 


{Qu 


the engine's fuel system were modified by Ross and installe 
to support a simplified combustor layout. Only one of the 
Original two combustor ass2mblies is used. Combustion air 
Mmeeprovided by a three stage Carrier centrifugal air 
compressor located in building 230 adiacent to the test 
mielacy. The test facility is located in building 249 at 
the Naval Postgraduate School Annex. Appendix A gives 
SemplLecte instructions for the operation of the gas 


gen 


0) 


ma tOle 


Ae COMBUSTION AIR PATS 


O 


GConbustion and cooling air pass from the compressor 
Beecearge via an underground pipe *9 building 249. Aiz 
pm@eers the test facility through a vertical standpipe which 
Semetains an eight inch butterfly valve in parallel with a 


Dypass globe valve (Figure 6). The butterfly valve is 


normally clesed, flow through the bypass vaive only being 


48 





sutficient to operate the gas generator. Figure (5) is the 
layout of the gas generator. At the top of the standpipe is 
a'pt connection. In one direction flow passes through an 
eight inch butterfly valve and enters a short section of 
piping which is used by other departnents to supply various 
experiments. The second arm of the "T" supplies the 
combustion gas generator through an 2ight inch to four inch 
meeueing section. The flow characteristics of this reducing 
section were determined by Welch and the pressure drop 
across this section is usad to deternine the air mass flow 
rate throught the gas generator assembly. A linear curve 
Was fit to Welch's data for use in data reduction programs. 
The correlation is vresentad in Figure (49). Air flow next 
passes through a manual isolation valve and enters a 
Semecter section which is shown in Figure (7). 

in the splitter section, a portion of the air flow is 
directeca through the motor operated burner air control valve 


moot he U-tube to the combustor section. The flow. charac- 
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Mermrsilics of this section as deterni fe) 
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by S are 
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presented in Figure (50). The remaining air passes through 


the motor operated cooling air bypass valve and enters th 


iD 


Mixing section. The nixing section was fabricated by Ross 


(— 


from the nozzle box of the Boeing engine. The turbine wheel 


Meee emoOvec to permit the tooling 315 to enter parallel to 
the axis of the temoved shaft. A device was installed in 


mmemnoz2l> box tO introduce a swirl into the cooling 32ir 
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momen ss Counter to that produced by the nozzles. Hot gases 
from the combustion section enter the mixing section through 
the nozzles and the effect of the counter-rotating flows is 
to produce rapid and thorough mixing. Downstream of the 
Mixing section is a flow straightener. This is followed by 
an uptake section which delivers the gas flow t5 the primary 


nozzles. 


See fUEL SYSTEM 
1. System Arrangement 
Service fuel is stored in a 55 gallon drum mounted 
Gmean elevated stand adjacent to the buildinag. fTfhis 
memangenent 1S shown in Figure (22). Puel flows from the 
storage tank through a tank isolation valve to 32 buikhead 


isolation valve located just inside the building. A tank 


Deeks supply line 


} de 


su 


Pembpp2ng ard drain connection is located 


just outside the building. Adjacent «to the interior bulk- 


head valve is a thermocouple connection for measuring fuel 


jo 
ct 
2 
D 
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temperature. Fue passes through the flow measuring 
Merame-er tO a fuel filter. Taking suction on the filter is 


peter ye 


a24 vde motor driven fuel supoly pump. This 


"oO 


Gisplacenent pump contains an internal bypass end pressure 


ty 
wD 
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ulating feature. Normal pump discharge pressure is 14-16 
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MieesupDLy pune DroOVidesS positive stiction head for 


\n= high pressure pump. fhis pump, which was originally 
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shaft driven by the Boeing engine, was modified by Ross for 
use with a 115 vac electric metor. The attachei Woodward 
governor was also removec by Ross and a blank housing 
installed. This pump has no internal bypass and must be 
provided with an external recirculation loop when in opera- 
tion. Valves placed in the recirculation loop are used to 
control the pumo discharge pressure and, thus, the flow of 
fuel to the burner nozzle. Downstre2m of the recirculation 
connection is 2 system drain vaive and a manually operated 
discharge valve (Figure 25). From the discharge valve, fuel 
is piped to an electrically operated solenoid valve located 


at the entrance to the combustor. 
Pie 


\:3 
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Fuel System Modificatis 


mn and Veriiice 
Barly in ¢he process of activating the hot flow test 
facility, the previously used Cox Vortex fuel mass flow 
meter failed. Since a replacement cauld not ba obtained, a 
Fischer Porter Modei 1043565A rotameter was installed and 
@emeotated. Calibration was performed in place, using the 


meee SUppLY oump to discharge fuel into a container for 


jv 


fixed period of time. [hs quantity »f fuel discharged was 


weighed on 2 gram scale and the mass determined. Flow rate 
Beemconctrolied using a needia valve at the pumo outlec. 
ROtameter calibration data is given in Table (I). Figure 


(46) plcts fuel mass flow against rotameter 
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Hill (Ref. 8] had 


control valve be replaced 


| 4s 


Sensitivity and control. 


ball valve mounted on the 
valve. A long mechanical 


Pe ltdinad to the control 


seriously impede access around the gis generator, 


could easily be 
rate adjustment 
Stainless steel 
line 


Bump cecirculation 


valve was 


Bemen at the control station. 


ator +o rapidly select any desired cperating 


Single notion. 


To increase the sensitivity 


valve, a valve was 


close 


Which is always partially 


meet cula*ion line even 


-~ Re 
ae ey 


Seeocsed. Thus, flow 


ets tion. 


seen, this 
of the fusl flow. 
tubing was 
ee, 


Beca ned as Guo ¢enteol 


#enstalled in 


when 


ugh 
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(eqn 4.1) 


recommended that the system's fuel 


with a ne¢ile valve to improve 
The existing arrangemant used a 
table as a fuel control 
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linkage extended acress the 


NOs OnLy duc this Linkage 
but as 
arrangement made difficult accu- 
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used to extend the kig 
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Shiemeconr ers) Station. 
valve and nounted 
This valve permits 


pressure in a 


eke 


Dan a ew ee 


pump (Figure 25). This valve, 
DO]en,, DeEGL ts flower ouch the 


 Vonkicl COR = = OL Valve is full 


the pump is assured 2ven wher 
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both the fuel control and the pump discharge valves are 
closed. 

This needle vaivs, called thea "trimmer", is used to 
establish the range of control for the fuel control valve. 
When properly adjusted this system provides smooth operation 


= 


over a range of high pressure pump discharge pressures fron 
80 to 350 PSIG. Since the pump's maximum output pressure is 
Meer t eq tO be 375 PSIG, sccontrol is obtained over most of 
the pump's useful range. Fuel pressure is easily adjusted 
to within 5 PSIG of a desired setpoint and with some care 
can accurately be varied in increments as smail as 2 PSIG. 
Poe £irS: awvenpes toelrght off the» gas generator 
were unsuccessful. I+ was noted that, when following the 
Speeating instructions provided by Hill, large quantities of 


liguid fuel were carried downstream and expelled at «he 


th 
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€ ¢€R ei us 
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primary nozzles almost immediately after +! 
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cutort valve was opened. Lightoffs were attempted w 
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Variety o 
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high pressure pump discharge pressures anda 
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mupee= Of different air flow settings, all to no avail. 


f-4¢ 


Referring to Hali's work (Ref. 8] it was found that he had 


fa» 


noted that "Although desired Mach number can be achieved 
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drawings provided by both Welch and Hill, but nd other 
reference to its setting 2©F purpose is made by either 
writer. Since this valve was installed downstream of the 
high pressure pump gauge, it was reasoned initially that it 
Eaould be fully open during operation in order that the 
pressure displayed accurately tepresent the pressures being 
experienced at the nozzle. However, from the evidence that 
fame, fic! mixture was far t30 rich, it was conciuded that 
this valve mus* have been partially ciosed in previous 
Operation. This supposition was confirmed in a personal 
conversation with Hill who recalled that the pump discharge 
valve was in fact nearly closed under all operating 
conditions. Thus, it is slear that the high pressure pump 
pressures reported in previous work io aot accurately 
reflect the actual nozzle pressures obtained. 


Bisa her cOnstderatson- led “to, the Eact that “tusl 


ct 


flows recorded by Welch and Hill ranged from approximately 

4.0 to 6.0 gallons per hour (GPH). fhe burner nozzle 

ppt sed With the Boeing engine is rated at 3.5 GPE az 100 

PemGe with an operating rang] of 30 t9 375 PSIG. Fuel flows 
Memeccur tO Six GPH raised further suspicion that the burner 
cessures previouly used ware too low for proper atomiza- 


meeme Thos would account for the surging reported by Hill, 
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PeewsmOking reported by Hill and laboratory technicians 
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meer ier With the gas generator, and che diff 
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Aecordiogly, a number of burner nozzles of difrerizng 
capacities were obtained. Three of the nozzles were tested 
using the system pumps and a spare combustor assembly rigged 
fms SsCharge into a fave galion can. Yables (II), ({iITI), 
and (IV) display the data obtained. The fuel mass flows 


were obtained by use of *th2 rotameter fr 


wW 


adings and equation 
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EO=n 22> 105i gaaa L 
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(4.1). Figure (47) compares the res 
Peo GPH nozzle and for a 4.0 GPH and a 5.0 GPH nozzle. 
Considering the actual fusl mass flows reported by Hill of 
meores to 0.011 ibm/sec it was concluded from «ha data 
presented in Pigure (47) that the actual nozzle pressures 
obtained must have been below 50 OSIS in all cases and nay 
Maeve been as low as 6 PSIS duting the 5509 F data runs. I+ 
was determined visually that atomization did not occur in 
fhe 9.5 GPH nozzle at nozzle pressures of less than 37 PSIG 
and atomization was poor for nozzle pressures of less than 
BomPolG. On the basis 9f this information, the 5.0 GPH 
Mozzle was installed in thea test rig. Figure (48) displays 
mempericrormance characteristics of this nozzle in greater 
detail. 

Pihal Mecdirications tc the fusl system included 


moving che solenoid operated a 
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engency fuel curos: yeiWe <o 


a position immediately adjacent *o t292 combustor and 


Meempacsng the flexible hos which connected the high pres- 
SUre pump te the combustor with 3/8 inch stainless steel 


Sipand. Movi 


tJ 


g the cutoff valve slininated a sizable volume 





of pressurized fuel from being drained into the combustor 
after the unit was shut down. Replacing the hose with 
tubing reduced the pressure drop between the pump and the 
nozzle from 10 PSIG +o 5 PSIG at maximum flow rates. A 
gauge was installed between the emergency fuel cutoff valve 
and the burner nozzle to provide an accurate indication of 
burner nozzle pressure. 

The modified system has been found to be flexible 
and reliable. Combustion is easily and cleanly established 
wathin 6 to 12 seconds after the emergency fuel cutoff valve 
is opened. No raw fuel is expelled From the primary nozzles 
or the nozzle box drain under normal circumstances. The gas 
generator now runs smoke free over a wide range of uptake 
temperatures and Mach numb2rs. 

Stable operation with uptake tamperatures ranging 


from 400° F to more than 1200° F has bean demonstrated, 


iD 


although routine operation at uptak2 temperatures exceeding 
1000° F is not recommended. At an uptake temperature of 
990° F, uptake Mach numbers of less than 0.060 to 0.2671 have 
Mean demons<rated. At 9509 F, Mach numbers ranging from 
0.9036 to 0.078 have been achieved. 4digher Mach numbers are 


easily obtainable at internediace and higher «temperatures, 


SGescannot curcenatly be observed due to ins 
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Semeeae Ons. Thus, the €acility now has full capabili+ty to 


Meer s PLO<COtTYDS eductor under all operating conditions 
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The gas generator uptaxe and the sductor mn 
enclosed in a plenum (Figure 2) which is used in the 
measurement of secondary flow. Apvoendix B presents the 


formulae used to determine the flow 
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ates. Ten ASME lonsc 
radius nozzles are installed in the sides and roof of the 
plenum allowing the flow entrance area to be varied 
accurately. Measurement of the pressure differential 
becween the plenum interior and ambient and knowledge of 
Sb2ent temperature permit calculation of the flow rate. 
1. The Rear seal 

As desiaqned by Ross, the plenun featured split 
aluminum seal plates at both the forward and rear ends. At 
the rear end, th 


e seal plates bolted +o the rear wall of the 


plenum and clamped around the stainl2ss st¢eal uptake pipe. 
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sence <he uptake experienced significant thermal expansion 
Saeeeng operation, this seal was a potantial source of 


leakage. In the past, various sealing compounds wer 
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epplted, but du o the high temperatures involved, none was 


considered completel 
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In order to improve the sealing of the plenum, and 
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sberglass insula- 


Pema n2mize heat loss in the uptake, the 
*ion and metal sheathing installed by Ross was removed and 


"Gace insu lation wa 
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installed over the ertire length of uptak2 oipe. 


Meeeake SUPpPOres were first modified to carry ths weight of 


57 





the pipe independent of tha plenum rear seal and the joint 
#o the turbine nozzle box. Pigures (26) and (27) depict 


these supports. Next a layer of one inch thick fiberglass 


insulation was cemented <9 the pipe. In the area where the 


pipe passes through the plenum wall, the fiberglass insula- 
tion was replaced by calcium sliicate tiles formed from the 


insulation and hand fitted and cemented to the pipe. This 
provided a firm base for the clamp attaching the diaphragn 
Seal which was later installed. The split sections of 
preformed insulation were then fitted together over this 
base, sealed with refractory cement, and wrapped with a 
double layer of duct tape. The result was an airtight 
Sheath around the uptake that develops maximum surface *emp- 
erazures of less than 185° F when uptake temperature is 


950° F. The highest surface temperature has been observed 


in a limited area around a coupling flange where the insula- 
paon thickness is reduced. Over the remainder 2sf its lLenath 


the uptake now has surface temperatures of less than 1409 
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NEeoma COOLe>, SUEI4CGe, 1t Was pOSSibDLEe *o install 


fw 
+ 


Perma ple seal at the rear wall. This diaphragm seal is 


meemedad £roOm a rubberized fabric. The fabric was bedded in 
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layer of silicone sealant and clamped to the upt 
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Dand clanp. A similiar layer of sealant was applied to the 
pl2num rear wall and the seal attached with a spli« clamping 
mg. saqure (28) is a view cf the olenum interiot showing 
the finish 


ed uptake and th2 diaphragm seai. A byproduct of 


Mmmese MOdiftication was incr2ased unifornicy in th 


(Dp 


‘ 1 
uptake 





gas temperature, with temperatures between the uptake 
mid-section and «he primary nozzle now varying less than 
ue. 

2. The Forward Seal 

The original forward seal bolted to the front wall 

of the plenum and clamped around the exit end of the mixing 
stack. When only solid wall mixing stacks wers being 
tested, as by Welch, this arrangement was probably satisfac- 
tory. Hewever, when models involving shrouds and diffusers 
dere introduced, the seal plate was 2enlarged «c clamp «+o the 


Serve Soa com tne Grrriusss 
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Gm@eer diffuser ring. An 3 
could be produced, but there was no isolation between secon- 
dary and tertiary flows. During pumping coefficient mneas- 
urement, the low pressures in the plenum caused backflow 
into the plenum through th? film cooling clearances batween 
Mee shroud and diffusers. This was observed ana reperted by 


Hill who then plugged the €ilm cooling passages during meas- 


Q 


Peements Of pumping coefficients. 
The coid flow <est facility amploys two seals at the 
Is 


forward end, one at the entrance ov 
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permits independent determination of beth secondary and 
Pertiary flow rates. Tt was decided *o more closely apvrox- 
meme COld slow test conditions by modifying the hort flow 
Meemunm <O provide a seal at the entrancs to the nixing 


Stack. Thus, secondary rlow rates are now measured in 2 
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Manner exactly analogous tS the 


Measurement of tertiary flows in hot 


considered essential because corr 


7” 


cold flow nodels. 


flow testing was not 


espondence of other 


measured parameters implies similarity in tertiary flows. 


The forward séaling bulkhead was moved back within 


bed 


the plenum and new seal plates provided to clamp to the 


entrance section of the mixing stack. From mixing stack 
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Welch and Hiil 


temperature data reported bv 


Mined «he the stack entrance section was relatively cool and 


that it would be possible to employ 20 o-ring seal 


point Figures (29) and (38) show the mixing stack 
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An adjustable support stand was designed and 


constructed +o support the mixing stack assembly ind¢pen- 


dently of the seal plates. This stand facilitates model 


installation and alignment. Alignment is accomplished by 


mounting the model on the stand, 


in ¢ach end of the mixing stack and in the open uptake pine, 
and adjusting the Boome deere Wet ghnen-- Das Dasses 
sr2eely through holes in th2 caéntering plates. The aliaqnment 
epeeareatus can be seen in Figures (29) and (30). Standoff 
Mestence :s then set by installing the straight primary 
Meozzies cn the uptake and naecasuring the required distance 
Meem che nozzle exit plane to the mixing stack sntrance 
Pee (che termination of the entrances radius) using a 


combination square. 
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During preliminary operation of the gas generator 
Bagmerrcane longitudznal expansion 3£ the uptake was 


observed. The calculated expansion jiue to a temperature 


{- 


nmcrease from 60° ? +o 9509 F was 0.387 inches and the 
observed expansion was 0.3125 inches. This amount was 
considered appreciabie when compared to the nominal 3.561 
meen standoff distance. Accordingly, the installed standoff 
@2stance was increased by 0.1265 inches to 3.68/75 inches to 


compensate for this effect. 


De LCNSTROUMENTATION 


1. Temperature MNeasurs nent 


iD 


Two types of thermocouple displays are installed, 
each has the capability +¢9 accept 18 input channels. A “type 


K display provides data on combustion temperatu 
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temperatures and mixing stack wall tamperatures. Table (V) 


fu) 
<q 


gives the current channel assignments. The Type T displ 
is used to measure inlet air, ambiant air, fuel 


and diffuser surface temp2ratures. Table (VI) gives the 


(n 


m@im@cent channel assiqnments. The display installation : 


Saown in Figuse (8). 


Eee Eb eSsule Weasuss nent 


ive manometers, shown in Figure (10), are installed 
For gas generator operation and data collection. They 


Mmmemrde a 20 inch water manometer for neasuremen+ of diffe-- 
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ential pressure across the inle 
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an oil manometer (range 0-17 inches H,0) fcr measuring 
uptake pressure (PUPT), a 20 inch mercury manomnster for 
measuring inlet air pressure (PNH), 2 2 inch inclined water 
Manometer currently used to measure the differential pres- 
sure across the burner U-tube (DELPU), and a 6 inch inclined 


Weser Manometer connected to a distribution manifold. rive 


individual manfolds located in the main control panel 
(Figure 9) are interconnected to pernit measurenent of 
plenum and mixing stack pressures with respect to atmos- 
vheric vressure. Mixing stack pressures both above and 
below atmospheric can b2 displayed. Also installed is a 


laboratory mercury baromet2r. 


Eee Las MODELS 

Two eductor models were tested. Each model consists of 
@ primary nozzle plate nounted on th2 end of the uptake and 
@mixing stack assembly. The mixing stack asseablies 
m@emude the mixing stack, a film cooling shroud and an exit 
M@vesuser. Characteristic eductor dimensions ars given ir 


naa Ew 
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meee (3). In poth models tested tha mixing stack int 
diameter, "DD", was 7.122 inches. This dimension was the 
Beme aS Used in previcus hot flow testing and is 0.6078 
Scale of the cold fiow mod2is. Both models tested enplcyed 
Meemeeeanaogtr ratio, “"S/D", s€ 9.5. Table (VII) provides a 


Comparison of kev model ch2racteristics. 
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1. Model A 
Model A, which was previously tested by Hill, is 
Bqeowh 29 the current installation in Figure (31). This 
configuration includes a primary nozzle plate with four 
Sepa gnt nozzles. The watio of mixing stack area to primary 
area is 2.5. The mixing stack L/D 1s 1.75 and the stack 


Mentains Six rows of film ccoling slots as shown in Figure 


by Hill this#mixing stack had a field of 


[ey 


(32). When teste 


12 thermocouples installed for wall tamperature nsasurement. 


These thermocouples were removed prior to the present *ests. 
This mixing stack has not been instrumented for pressure 


measurement. 

The mixing stack is enclosed in an aluminum Shroud 
extending from X/D = 0.25 to x/fD = 2.0. Two aluminum 
@eecuser rings 0.375 diameters wide are installed to bring 
the overall length of the assembly +9 2.5 diameters. Filn 


cooling clearance between the stack and the shroud and the 
da 


(p 


mmeoud and diffuser rings is 0.1875 inches. Th 
Semernuts model are shown in Pigure (33). Two tows of therno- 
couples were installed along the Lenzth of the shroud and 
Geeeeuser by Hill. Not all of these thermocouples remain 


Operational, hewever, enough were available to orcovide 


adequate comparison in the data taken. 


Giewsecords fodel tested, shawn in Figurs (38), was 


Geometrically similar +> 2 cold flow nodel tested by 
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Drucker. This model's primary nozzize plate as contained 
four nozzles which were tilted and angled in the 15/20 
configuration recommended by Davis and used by Drucker. The 


gure (43) Figures (39) and 


pe 


a, 


Modél B nozzle plate is sean 
(43) compare the straight and tilted-angled nozzle plates. 
The mixing stack area to primary nozzle area ratio of 2.5 


was retained in the second model. Both sets of nozzles are 


iD 


mounted in identical plates with dimensions shown in Figur 
(41). 
The mixing stack for Model B is 1.0 diameters long 


mroecontains four rows of Film cooling ports. For conven- 
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jence in manufacture, the dimensions of the fila cooling 


the scale 
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ports were changed slightly from «hat required 


ws 
MK 


MeetOr. Due to the necessity to increase the port width, 


}é 


the length was decreased provortionately so that the ratio 
of total port area *o mixing stack cross-sectional area has 
been maintained constant at 0.741. This mixing stack is 
Bespin Figure (37). Eight pressure taos in locations iden- 
Mea =O those used by Drucker are installed in the wall of 


the mixing stack. Twelve type K thermocounles are located 


in an array 180° from the pressure t2ps. Thermocouples loca- 


memes - > L/D Stack and also to determine the cooling effect 


Semene the steck ports UseercUnately, a failed Thesz0-— 
Semeec 2t one of the two ovort locations chesen seriously 


Meecea The information which could bs obtained racarding 
Peas etfiects. 
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The shroud and diffuser rings for this model were 
made from 25 gauge cold rolled sheet steel. The arrangement 
mesnOwn 2h fr2aqgure (36) 1 te Elim cooling clearance is this 
model was reduced to 0.076 inches to be consistant with the 
geometry used by Drucker. Only a single row of type T ther- 
mocouples was installed along the length of the shroud and 
diffuser. Thermal imagery was used to verify that the ther- 
mocouples installed wer2 oroviding data representative of 


the entire shroud/diffuser surface. 





V. THERMAL IMAGERY 
One of the difficulties involved in characterizing the 
effects of the highly turbulent flows in the eductor system 
Meethe jack of cartainty that the locations selacted for 
measurement are indeed representativ2 of the general flow or 
surface conditions. Some advantage can be obtained from 
flow symmetries, but rarely can it be stated with complete 


confidence that the coverage is adeq 


fs 


ace. The inporearce of 
addressing «his aspect of the test program was increased 
when Drucker reported areas in which, potentially, zhe flow 
along the diffusers was st2gnating. There was no accurate 


Pererence by which the locations of the areas could be 
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determined with certainty. Yet, identificati 
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mere 2S 4 primary reason for conducting hot flow +estingd. 


Temperature measuremen* pv thermocouples sutfers fren 
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Bye dtawbacks. Firs Suse cael aOGCOlple 25 a DOLh=. device; 


it measures the tempe 


4 


agers Only @t the veint of #he therse- 


Bemp1e junction. Second, the thermocoupl 
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Bmomuce both local disturbance in tha flow fislé and 3 


Meeoee zed “fin cooling" of the surrase. Both effects, 


UI 


Meeectcant, would seriously impair the accuracy of the data 


Seer ectecd in this research. In order to obtain data repre- 
Memwermg the entire surface temperature using 2 non-intrusivs 
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device, thermal imagery was employed. This technique 
provided a photographic representation of the mixing stack, 
shroud, and diffuser surfaces from which temperature 


contours could easily be d2termined. 


A. THE IMAGING EQUIPMENT 

Infra-red photography cannot be used for this purpose 
because emulsicns cannot be produced which are sensitive to 
radiation with a wavelength longer than 1.2 microns. 
Mee ble light has a wavelesgth of 0.43-0.8 microns. Conven- 
+jonal infra-red films are sensitive in the range 0.7-0.9 
microns and in normal use the images recorded ragister cnly 
energy emitted by sources at tamperatures above about 
480° F, or the reflection of such energy by othar bodies. 
The energy emitted by bodies at temperatures about 100° F is 
Concentrated at a wavelength of 5 £9 10 microns. Almost no 
energy is emitted in the range below 2 microns at this tesmp- 
Seemeure. rigure (90) contains the curves for blackbody 
Presa 2tOn from various objects. The cross hatched area in 
fees tigure, from 2 to 5.5 microns, is th= range of sensi- 
Bewety for the thermal sensing camera used in this ressarch. 
fies ecoquipment, an AGA Hodel 750, can resolve tamperature 


Meee=rences as small as 0.49 fF and is sénsitive in the range 


Mie AGA-7/50 system, shown in Figure (89), consists of an 


Memcam2ra unit, a display unit with Polaroid camera 
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attachment, and a system power supply. The camera uses a 
Mequsd nitrogen cooled Indium antimonide detector and is 
provided with two lenses, One with a 20° x 20° field of 
mesion, the other with a 79 x 79 field. The 209 x 209° lens 
was used in this research. 

The display unit houses the system contrels and the 2 x 
lego inch black and white picture display. The display may 
be set to register warmer areas as either lighter or darker 
tenes. The lighter-warmer/darker-cosler mode was used to 
Meoauce Figures (91) and (92). I* is also possible to high- 
light all areas within a given temperature band, producing 
an isothermal contour. The isothera nay be superimposed on 
the gray tone representation of the object, as in Figures 
Mmaeeand (92), or the gray tones may be Eully suppressed. 

In the figures presented, the mixing stack assembly is 


memm nerizontal with the gas flow from left to right. Act 


ct 


he extreme left is the plenum forward sealing bulkhead. 


+3 


B= Warm exposed portion of the mixing stack prior to the 
Shroud is seen extending from the bulkhsad. The dark 
MeeelcCal Dar over part of this area is the cooler support 
mead Which obscures the Mixing stack in this area. To «he 


meee OL the exposed mixing stack is the cooler shroud 


W 


ur face which gradually grows warmer and hence becomes 
Brighter along its length. Next is seen the two diffuser 


Meeigs, again, cooler at the lef*= (or inlet) side and arowing 
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memes (lighter) toward the right. it is often difficuit to 
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discern the transition from the first ring to the second due 
to the the fact the surface temperatures are nearly equél at 
Mmee point. At the far right the hot gas flow leaving the 


eductor is clearly seen as a bright band. 


mee SOTHERM TEMPSRATURE £5 TIMAT ION 

Several +echnigues are available for determining «he 
temveratures represented in the isotherm display. At the 
top of the image the temperature range setting of the camera 
is shown in °C. The display unit can be set for any of 9 
Bemges from 2° C to 10009 2. The base temperature in the 
image is separately adjusted with a "lavel" control. On the 
left hand side of the display is a scale, each graduation 
representing 10 per cent of “he total range in use. The 


wid+h of the marker is adjustable and repr 


th) 


sents the range 
Gz temperature highlighted by a given isotherm. In this 
work a marker one unit, or 10 ver cent, wide was used. Thus 
*he temperature band covered by the isotherms shown in 


meres (91) and (92) is 190 per cent of the display range or 


8 
th 


or the Model A images and 50 for the Model B images. 
Miese Dands do net translate directly into temperature, but 
must be adjusted based on che temperature level setting and 
she emissivity of the surface. 


The system operating aanual [Ref. 13] provides calibra- 


£i9n curves and formulae for determining the actual 
temperature Leavels represented by the isotherm markers. 
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The calibration must be corrected for the emissivity of ths 
emitting surface and may b2 subject to false indications due 
+o measurement or reflected solar energy. In order to 
provide a uniform surface emissivity and to reduce the 
posSiblity cf unwanted solar reflection, the models and the 
enclosure were sprayed with flat black paint. In this work, 
a surface emissivity of 0.92 has been assumed. Since direct 
temperature measurements of the surface are availabie, it is 
possible to calculate the actual emissivity. Such a 
technique is recommended in the futur2. Accurate knowledge 
of the emissivity will improve the quantitative value of the 


Meta cb~ained. 
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Modifications to the gas generator and measurement 
plenums having been completed, data was taken on the 
performance of the two eductor models described above. The 
purpose of re-testing Model A was 29 validate data 
acquisition procedures and to ensure continuity with the 
results of previous researchers. 4oiel B was the nodeél of 
interest; the purpose of the hot flow testing b2ing to 


Somel.im the results determined in cold flow testing. 


Mee MODEL A RESULTS 


1. Pumping Performance 





meailses (ot) cthrougn (55) display the resudes of 
pumping coefficient measurements for Model A, Tables (VIII) 
meouch (XTI). In each case except the first and last, the 
@aea 25 compared with that taken by Hill [Ref. 8] on the 
Same model. Hill did not cake low temperature data on this 
model, but does present such data for a solid walled mixing 
feeteee 2.5 diameters long. Hill's iata for that configura- 


29n is compared to the data for Mod2i A from the present 
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PIcieom (oie tese, cae Strong coctralatzion in 
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Pemeeng coefficient data that was obtained in all tests 


@aeoughecut the current research is seen. AS axpected fron 
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previous cold flow work, *he secondary pumping performance 
of the ported stack is se3n to be sonewhat better than the 
solid stack of idantical length. The ported stack also 
induces additional tertiary flow which is not measured in 
mers work, but which provides a further source of cooling 
Lo We 

Due to time constraints, the data taken by Hill at 
an uptake temperature of 550° F was not duplicated. Tests 
run at nominal uptake temperatures of 650° F, 750° F, and 
850° F again show strong correlation in the present data, 
Mieeanm initial comparison with th2 results presented by Hill 
on the same model does not appear particulary favorable. At 


y below 


}~ 


Meme clow cates P¥*/T* in Hilits data is consistent 
#he current results and, conversely, higher secondary flow 
Gates were obtained py Hill as the vacuum in the pléenun, and 
Bomecequently P*¥/T*, was reduced. It is felt that both of 


Meese factors can adequately be accounted for by considering 


ct 


he differances in «he way the modeis were installed for the 
ewo) <~eSts. 


mini S 2<eseing, the 22xingj stack seal was at the 


pessages opened into the measurement plenum. Thus, his 


measured flcw rate represents both secondary and tertiary 
El9wW. However, when flow into the plenum was restricted Dy 


closing the neasurement nozzles, che resulting vacuum caused 


Semen oa clow through the Fiim cooling passages into the 
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plenum, reducing the measured vacuum and causing the value 
cf P*/T* obtained to be reduced. Such backflow was, in 
fact, observed and reported by Hill. 

As the plenum vacuum was decreased by opening addi- 
tional measurement nozzles, the pressure depression within 
the mixing stack again hadi effect and tertiary flow was 
reestablished; the total flow then measured exczeded secon- 
dary pumping capability alone. This hypothesis is supperted 
by the results obtain by Drucker [Ref. 12], which give 
pumping ccefficients for sacondary flow on a similar but 
shorter stack of about 0.5 and total pumping coefficients 
memeondary plus ertiary flow) in the vicinity of 0.72. 
Measidered in this light, the current results compare quite 
favorably with those obtained by Hill. 

Figure (55) presents data taken at a uptake tempera- 
Supe Of 955° F. This data corresponds well with that 
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obtained at lower temperatures. Because of “he inte 


4 


+ansion 


(+ 
wD 
r4 


eeening Of high temperatura Flows it was f£21t tha 
Serine de~a collection effort to this *emverature level was 
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and higher, uptake temperatures possible. 


Diememinpa ne ceoetficies. results for ali data rune in 


P@eeser les are presented in Figure (56) for comparison. 
mies deee 35 consistent ani well groused. The clear 


temperatures dependence of pumping coefficient on temperature 
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observed in Welch's and Hill's data is not apparent here. 
This temperature dependence may nave, in fact, been the 
result of a temperature dependent leak in the measurement 
plenum as postulated by Walch. Such a leak might well have 
be2n eliminated by the modifications to the plenun sealing 
system which have been performed. 


Mame owe Oud and or ttuse emoeratires 


wt 
tae 


Although Hill measured mixing stack wall as well as 
Shroud and diffuser surface temperatures, the thermocounles 
have since been removed from the mixing stack. Because the 
intent here was to validats current procedures by comparison 
math previous data it was not considered essential to rein- 
stall these sensors or duplicate all data taken before. The 
data taken on the external surface temperatures of the 


- 


shroud and diffusers is presented in Table (XIII) Figu 
Mee caotougn (60). Here, comparative data is available for 
Memanal uptake temperatures of 650° F, 750° F, and 8509 F 
plus an extension of the data base +9 9509 FP. Low uptake 
Pemperacture {1.e. inlet air temperature, about 175° ¥) data 


is not presented for thes paramet2rs because similar data 


BeemmOt aVailable for comparison in Hill's work. In an 


beg 


event, the ourpose cf low temveratur= testing at the hot 
Me@hee ceSt Facility is mainly to provide assusance of sini- 


mieeeey With the cold flow Eacility results. 


Hilti obtained shroud and diffuser tenperature 
feeemrenment at two circunfertertial locations for most 2xial 





Perenons. En chilis WOLA, data was collected at only one 
location for each axial position. In each case the data is 
compared to the higher of the two temperatures recorded by 
Hill. No data was obtained at the X/D=1.75 position on the 
mixing stack due to failura of the thermocouple located 
Bare. 

The comparison in results is quite favorable 
throughout. If the differences in ambient tenperatures 
mierng data collection are taken int account, it is seen 
that the results are almost identical. The areas of highest 
temperature lie on the shroud before the start of the 
diffuser, and at the termination of the second diffuser 
ring. Maximum temperatures of 120° F, or about 60° F above 
ambient were recorded. 

Ber) =2xXit Plane Temperat ures 

AS with the other measures of performance presented, 
the exit plane temperature profile data obtained corresponds 
meti with that of Hill. Figures (651), (63), and (65) 
Peesent the raw data obtained. This data is tabulated in 
Memes (XIV) In order to facilitate comparison of exit plane 


temperature data frem a variety of nixing stack/diffuser 
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Bemee citations, it was decided to plot the data obtained 


Sermts Of 42 non-dimensional position factor, t/Ras, woich is 
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Figures (61) and (53) reveal highly acceptable 

Genme lation With the data obtain by Hill. There is a slight 
asymmetry in the profile which is probably due to a misa- 
Megament Of the mixing stack. It is also possible that a 
small positional error has been introduced by the traversing 
mechanism. This device, shown in Pigure (45), was origi- 
nally ccnstructed for use with the solid walled stacks and 
does not have sufficient range of motion to traverse the 
entire diffuser opening. It has, therefore, been necessary 
to take measurements from one edge to “he center and then 
reposition the support stand and measure in from the oppo- 
site side. Modification of this device is recommended prior 


% 


memany future tesearch in the hot flow facility. 
fo fuxctner facilitate the comparison of data, tke 


exit plane temperatures were referenced to the ambient temp- 
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rature and normalized with respect to the uptake tempera- 
ture rceference to ambient. The value of this technique will 
become evident in later comparisons with Model B's data. 

The non-dimensional exit plane temperature coefficients for 
Model A are presented in Figures (52), (64), and (66). A 
Compariscn of these coefficients for all three nominal 


uptake temperat 
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is inmediately apparent for the difference observed in the 
Curve for tre 850° F uptak= temperature. However, even wit! 


Gans Variation, the data is considered to be very 


Sensi stent, 
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In general, a 40 per cent reduction in maxinum plume 
4+emperature can be said to have been achieved by this nodel. 
Further, the average plume temperature, by inspection, seems 
to be reduced about 55 +050 per cent below the uptake “*emp- 
erature. Since the actual reduction in maximum plume temp- 
erature below the uptake temperature is, in all cases, more 
than 300° F, the performance of this model is considered to 


be quite good. 


Ee MODEL B RESULTS 

Due to certain time constraints, only a limited number 
of data runs could be madé on the second model. Therefore, 
PoeoLder to ensure both the validity o= the testing and to 
obtain the most significant data, uptake temperatures wers 
selected that would confirm the Similarity with the cold 
flow model, allow direct comparison with previous hot flow 
work, and extend the rang= of the data base to the highest 
uptake temperature of intsrest. 

ieieeLtinping Performance 

The low temperature pumping coefficient performance 

SeeModel B is Shown in Figure (68). Pumping coefficient 
Meta is tabulated in Tables (XV) through (XVII). The corte- 
EeonacGenge with the cold flow facilaty data obtained by 
Bracker (Ref. 12} on a geometrically Similar nodel is 


reasonably good. A sl: performance over that 
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comparison of the cold flow work of Drucker and Davis 

Beetoe djs Surprisingly, Figures (69) and (70) indicate a 
substantial increase in secondary pumping capability with 
the higher primary temperatures. At 9509 F the secondary 
pumping coefficient approaches the total (seconiary plus 
mertiary) pumping coefficient obtained in the cold flow 
facility. Although tertiary pumping was not measured here, 
data on shroud and diffuser temperatures presented later 
indicate that strong tertiary pumping is also present in 
this model. Since previous work has established that the 
pumping performance of the eductor generally declines as «he 
length of the mixing stack in reduced, the enhancement in 


performance obtained by use of the tilted-angled nozzles in 


(D 


this shorter mixing stack assembly is seen to b2 signifi- 


cant. A comparison of the pumping coafficient performance 


(D 


of Model B at all temperatures testei is found in Figure 


mt). 


This model is equipped with a field of 12 tyve K 
thermocouples for measurement of mixing stack wall cempera- 
tures. The axial position of these thermocouples and «he 


Beeemontatned is given in Table (XIX). Due to a recording 


th 


"4 


Ga 


ct 


emer, Gata for the two internal thermocouples Locat 


(D 


Beemwonm-Tance of the mixing stack is not available. Four 


thermocouples were installed in pairs on th Xternal 


iD 
wD 


' 

re & 
ra I 
iD 


eter) iSielse rk 


}4- 


Eire ace t5 record «he effests of one cool 


is 





wrest tGoweand Ome in the last row. Data from the port in 
the first row indicates that film cooling air entering the 
Mering Stack through the cooling ports reduces the external 
wall temperature immediately downstream of the port by 


approximately 35° F. Interestly, ths external wall temnpera- 


0) 
{2 


mines Just Wpstream of the cooling port is Gherwcantly 


(20-30° F) higher than the temperature of the wall between 


om 


Atvale position.  Thesresults from 


(iD 


cooling ports at the san 
#ha thermocouple pattern in tha fourth row are nore diffi- 
cult to interpret, particularly since the thermocouple imne- 
diately upstream of the cooling port was providing clearly 
inaccurate results. 

Pigure (72) compares the mixing stack temperature 
data for the six thermocouples located between cooling ports 
with data obtained by Hill for Model Aw It may be inferred 
from this limited data, that one effect of the tilted-argled 


mozzles in Model 8 is to alix the primary and secondary 


ct 


streams more rapidly, thereby increasing the temperatures of 


the mixing stack surface at any given axial position. The 


Mixing stack temperatures for the locations between ports 
for all three uptake temperatures is found in Figure (73). 


t 


The data is consistent, with maxinum tenperature of about 


300° F being optained in the 950° F uptake temperature run. 





DieseaeemOleain= a EOm Mixing stack pressuses is 


= 
( 


Beesentcd ir Figquzes (74) through (73) and in Table (XVIII). 


7S 





Previous workers have presented mixing stack pressure data 
in a non-dimensionalized form, PMS*, which is a ratio of the 
pumping head available for tertiary flow to the driving head 
available from primary flow. I+ was noted when reducing 
this data, that PMS* is particularly sensitive to variation 
in the velocity of the primary jet. Since to maintain Mach 


humber Similarity, prima 


| 


y jet velocity must vary with the 
square root of the uptake temperatur2, and since PMS* varies 
with the square of the prinary jet velocity, PMS* is 
directly dependent upecn uptake temperature. This tempera- 
ture dependence was not inmediately apparent in cold flow 
results because the uptake temperature at that facility is 
fFaicly constant. Substantially redutead values sf PMS* 
G@btained in hot flow testing by Welch (Ref. 6] were largely 
unaccounted for. It was noted, however, that although <he 
non-dimensionalized parameter varied widely,the actual 
values of the pressure depression with the various mixing 


Stacks were reasonably constant or at leas* in the same 


order of magnitude. Because it is this pressure difieren- 
Mea, in any event, which is the driving votential for 


. 


mmawetion of tertiary flow and because, in this case, the 


}? 


Mema2. Ons obtained in the model dirsctly represent the 
conditions expected in the prototype, the data plotted here 
*s that actual daca obtainad. Values of PMS* were 


Memmemeee- eC and are tabulated iff each cable éEcr raference. 
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Good correspondence between this data and the data 
taken by Drucker in cold flow testing is seen. In each case 
the value cbtained from the pesition "A" tap at the 0.5 X/D 
axial position is substantially higher than all other data. 
It is suspected «hat this sensing line has a small 1léak, 
although a search was made for such a leak, and none was 
found. Figure (75) also displays two data points taken by 
Welch in hot flow testing of a solid walled nixing stack. 
Here the pressure depression cbtained is less than in «he 
Perted stack for the same axial position. This is consis- 
tent with a comparision of the data sbtained by Davis (solid 


Watled stack) and Drucker (ported stack). The comparison of 


(p 


Mixing stack pressures by position fst the range of tempera- 
tures tested shown in Figures (77) and (78) does not reveal 
any Significant effect of temperatures. 

Iieetseneted thac dwe co che shall size s€ the pres- 
Piece tap and the extremely leng run of tubing (over 20 £¢. 
tO the manometer, a substantial period of time was reguired 
for the manometer reading to reach its final value. Faw 
oscillations were noted in these pressures and once a final 
value was reached it was found to be stable and repeatable. 
With the exception of the one point already noted, confi- 
dence in the values cbtain2d is high. dowever, data taking 
Meeeae De Greatly facilitated 1£ the manometer iLastallation 
were modified to place a uanometer for measuring nixing 


stack pressures closer to the plenua. 
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4. Shroud and Diffuser Temperaturss 


The data obtained on shroud and diffuser 
temperatures may be found in Table (XX) and is presented in 
Figures (79) through (81). In each figure the film coolin 
effect can clearly be seen in the reduction of temperature 
at the last data point on the shroud. However, the 
temperatures achieved, both on the shroud and the second 
diffuser were substantially higher than the values obtained 
for Model A seen in Figures (59) and (60). This is felt to 
be the result of the more rapid and thorough mixing in Model 
feana <he construction of this model which leaves a 
relatively long section of the shroud beyond the end of «he 
Mixing stack unshielded by the diffuser rinds. In this area 
the performance of Model 8B is clearly inferior. The maxinun 
expcesed surface temperaturs in Model B being nore than 80° F 
Meares than in Model Aw. Extension of the first diffuser 
Bema Dack to a point before the end o£ the mixing stack and 
Mmteecion Of a third ring outside the second ring, but not 
axtending beyond it, might improve the verforamance of this 
assembly. 

Peet Plane Temperatures 


Figures (82) through (88) display «he exit plane 


ct 


Set@eoerattre data found in Tabls (XXII). Here, again, both 


"4 


aw data and temperature coefficients are presented. Addi- 
Peonally, Figure (83) includes a non-dimensional: zed 


velocity traverse taken from data presented by Drucker. Ths 


82 





non~dimensionalized velocity has been formed from the ratio 


of the exit plane velocity divided by the primary jet 


je 


Melee city. it is interesting to note in this figure that 
reductions in velocities and temperatures are very sinilar. 
This lends credence to the assumption “hat the diffusion of 
momentum and energy are similar under these flow conditions. 
This assumption underlies the rationale that permits use of 
memencold flow facility to characterize the high temperature 
performance of these eductor systems. 


is seen that both 


ct 


In the 850° F and 950° F suns i 
the actual temperatures and the temperature coefficients are 
substantially reduced in this model. Por an uptake tenmpera- 
maee Of 950° F the actual reduction is more than 380° PF. 
Compared to Model A, Model 3B provides a2 maximum plume ‘*temp- 
Pmemeuce Which is 70° F cooler, reducing by an additional 14 
percent the level of the maxinun plume temperature compared 


to the ambient. 


See LuSRMAL IMAGERY 
The results of thermal imagery of Model A at an uptake 


Louse (91). MEhought 


() 


te 
3 
8 | 


temperature of 9509 F is s2en 


Meeracuit to discern in thease reprodactions of Polariod 


Poococraphs, the temperature distribution of the nixing 
Stack, shroud and diffuser surfaces is clearly evident in 


Firm 


1-4 


tt 


the display. The isothernas shown in this series co 


“hat the temperatures recorded by the thermocouples are 





representative of the general surface condition. As 
expected from the thermocouple data, the hottest area of the 
eaeOoud is found to be just before the beginning of the first 
diffuser ring. There is an area of Similar temperature at 
the trailing edge of the second diffuser ring. Also noted 
is that the exposed portion of the mixing stack prior tec the 
start of the shroud is at a2 temperature comparable with the 
nottest sections of the shroud and diffuser. The sensi- 
tivity of the equipment is evident in the third and fourth 
frames, where a hot spot created by a standoff petwveen the 
shroud and the mixing stack is visible on the shroud surface 
just to the left of the warmer section. 

Similar results are se2n for Mod2l B in Figure (92). 
Meme the broader hot sectidn in the shroud is clearly shown. 
There is also seen a definite curved pattern to the tempera- 
mane CONTOUTS on both the shroud and the diffuser. While 
some of the cooling indicated in the center of the view nay 
be =he resuit of fin cooling by the thermocouple field 
located there, Similar cooler areas at the top and botton of 
Sais view support the conclusion that the tertiary flow nav, 
mamcact, be stagneating as postulated by Drucker. The avpa- 
Baeus has been constructed in such way that the primary 


nozzle orlentation may be rotated by 45 deaqrees in order to 


(D 


4 
4 
D 
rey) 
ct 
(t+ 
ty 
t 
cy 
& 
ct 
raY) 
iT 
+ 
(iD 


aul > Zon 


wD 
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determine if such higher tenpe a 


Memeaee action of the primary flow. Such an investigation 
shouid be conducted as =h2 next step in the research 


program. 
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VIt. CONCLUSIONS 


Based on the data obtained and presented, the following 


eenclus: 


1) 


2) 


3) 


4) 


ons are drawn: 


The operational range and flexibility of «he gas 
generator has been significantly improved. Ths 
facility is now fully capable of modeling a wide 


range of prototype uptake conditions. 


The data obtained in testing the model designated 
Model A is found to be consistent with previous 


results for the same model. 
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Pumping coefficient data obra: 


testing is rc 


nm 
in 


pre 


@éntative of the performance of a 


Similar system at 2zctual operating temperatures. 


Measurement of tne exit plane velocity profile in 
cold flow testing does approximation provide a 
general approximation of the temperature profile fer 


NO ELOWw COnd2 ties. 
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5) 


6) 


The 15/20 tilted-angled primary nozzl2 geometry does 
provide superior pumping performance and a more 
unifornaly mixed exit flow when combined with the 


ShOzt, slotted mixing stack. 


The shroud and diffuser combination employed in 
Model B does vermit «he induction of substantial 
amounts of film cooling flow, however the geoneiry 
employed does not provide adequate shielding or make 
enc moae Clio c2onc Use Of ELI cooling potential. 
The surface temperatures for this assembly are 


substantially higher than those found in Model A. 






VIII. RECOMMENDATIONS 


Considering the experiance gained in this research and 


in view 


meth to 


of the results obtained, recommendations are offered 


improve further th2 research facility and to 


continue the current invest idqations. 


Meese ROVERENTS TO THE TEST FACILITY 


The 


following recommendations ar2 made to make the oper- 


ation of the gas generator more convenient or nore reliable 


and to improve the speéd and accuracy of data collection. 


7 


<) 


Replace the manual inlet air bypass globe valve with 


a valve which can be remotely operated <crom the 


M 


19) 
ct 


GoGo. Skeation. The current installation requires 
the operator to maxe numerous trips back and forth 
wien S@teang Se&sc Sondi tions, co to obtain: the 


assistance of a second person. 


on 


wicca wl anleno. | manometer to display the pres- 
sure drop across the burner U-tube and 
the gauge board with the burner nozzle pressures 


gauge. ThiS mneasurement is essential in lighting 


ort the gas generator and can be used +o nonitor 


8 
Fs 
| 
{3 
@ 
i | 
fu 
id 
tf 
th 
fa 
th 
t— 
t4 


we OS GWring Opera 2ien. 
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3) Relocate the 2 inch inclined water nanometer 
currently used for measurement of the pressure drop 
across the burner J-tube *9 the side of the measure- 
ment plenum. Provide a new valve manifold and use 


this instrument to measure mixing stack pressures. 


4) Redesign the traversing mechanism for exit plane 
temperature measurements with sufficient rande to be 


used with any potential diffuser design. 


bee SESEARCH RECOMMENDATIONS 

Maintaining in mind the overall goal of this research 
meoagrtam, the work should continue in the hot flow facili« 
to confirm the present results, to define problem areas in 
the design and suggest promising avenues for further cold 


flow testing. 


1) Realign Model B in the current installation and 
record a complete set of data to verify these 
Besults. Data should be taken at two or three addi- 
tional intermediat2? uptake tenperatures +o 


completely characterize the nodel's performance. 
Bye teke duplicate temperature data, including thermal 
imagery, on Medel B with the orimary nozzle plate 


Mewacea 45 deqracs. 
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3) 


4) 


5) 


Continue and expand the use Sf thermal imagery in 


order to characterize the surface temperature field. 


Using the mixing stack from Nodel B, install a rede- 
signed shroud and diffuser assembly. In this 
assembly the first diffuser ring should begin befors 


the end cf the mixing stack. 


A smoke source which could b= placed near ¢h 


‘D 


entrances to the film ccecoling clearances might he 
helpful in obtaining a qualitative appreciation for 


the strength of flow pattern being induced. 
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Fagure 9, Main Power Supply and Control Panel 
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Figure 16, Cooling Tower and Pump 
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17, Cooling Water Pump and Tower Fan Controllers 
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Figure 18, Cooling Water Inlet Valve 
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Figure 26, Uptake Piping Rear Support 
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Model B Installed 
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Figure 39, Straight and Tilted-angled 
Primary Nozzle Plates 
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Figure 41, Dimensional Diagram of Primary Flow 
Nozzle Plate 
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Figure 42, Dimensional Diagram of Straight Primary 
Nozzles (Model A) 
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Figure 44, Tilted Nozzle Geometry 
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Figure 90, Blackbody Curves of Various objects 
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Figure 91, Thermal Imagery, Model A 
(955° F) 
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Bigure 91, continued 
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Figure 91, continued 
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Pascoe = 


ROvcaneter peal: bration Data 


Rotometer Weight Weight Net Tine Mass Flow 
Reading __Empzy___ Full __ Weight Flow Rate 


ees (Qe) O(c) ___ {gr.)___(sec.)__ibm/sec___GPH 


08 67750 PAs Jes) Byes) 120 0.689 0.345 
09 84.0 Se 53.3 V2e 0.979 0.490 
10 UG) Sie s: Salo ele: 120 eon ews 
15 iy Sent 31a 142.0 120 Pareles) 12306 
20 25:0en Boe) e756 1 120 4.136 22010 
23 381.4 a 4e9 30955 120 6.421 3.214 
a0 SZG.0 33 488.2 120 8.696 4.489 
35 342.9 32.4 Se 60 171.471 Sec a0 
40 39343 5) PAPE BoD. 7 6 0 13.44 Gide 
43 823605 SAP, 391.2 60 14.37 72194 
4OQ 15 Fad B) Pa ea. 3 120 13633 On ile, 
S5 65s a6 620.0 120 taAreoe Sea 04 
34 62925 oe Soy. 2 120 C7 5.497 
a\s| 603.2 Saree) 570.4 120 10.48 DLS 
BZ ale ear: S264 550. 1 AG, 10511 SUS 3 
an 55/3216 Sie S Aes 120 9.613 4.841 
30 530210 3220 498.9 120 9.149 4.579 
Zo 50 02,5 3223 468.5 120 8.507 4.308 
28 475.4 B2ec 443.2 120 Sea 4,075 
ZT 450.5 3724 no. ZO 7.700 es) axl 
26 426.5 Ban 394.1 1720 a2 0 Sa024 
29 39 572.9 Sh? 364.7 120 6.700 Siegoraye: 
20 26a B22 234.9 120 4.316 2emou 
a5 169.0 3429 Son) 120 Be US, Va264 
10 104. 6 3159 UIT 120 12336 OS659 
08 Tost 31.6 Oars 120 On7 44 G.372 
NOTES 
lye Avetage fuel temperature 61./7° F 
Pye Fuel: Number two diesel; specific gravity = 0.862 
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TABLE If 


BuUEner Caliprarton bata, 4.0 GPH Nozzle 


Supply ig aLof ie) Nozzle Rotameter Mass Flow 
Pump Pressure Pressure Rate 
Prassure Pump x 103 
(P SIG) (PSIG) (2 SIG) Reece eee ee 2bm/sec 
16.0 60 60 232.0 6.239 
16.0 70 70 2501 Caco 
16.0 110 100 25750 FO 
iG. 0 160 150 Dis 8.181 
16.0 70 67 220 Gieallo7 
16.0 105 100 24.2 6.724 
15.5 160 150 2on03 yoo 7 
oie 3 210 200 295.0 oeoo6 
Neey< 3 260 250 38.0 9.395 
15. 2 310 300 oe 9.962 
= | 33.5 324 Sy 9.962 
5.0 75 2 228 Bealo7 
15.5 105 100 PTC: 6.643 
15.4 160 30 Paces 0, ola 
(|S ae} 210 200 28.0 8.262 
To. 3 260 250 295.5 Sie isos 
no. 2 8) 70, 300 371.0 Oe 6 
ie 1 350 340 fees 10:20:33 

NOTES 


ip NOZZle 60° HARSCH, 4.0 GPH 

2) Average fuel temperature 549 F 

3) Fuel: Number two diesel; specific gravity 0.864 
4) Mass flow determined from equation: 


HF = 0.404759 * ROTA - 3.971594 
where 


WF = Fuel Mass Flow Rate (lban/sec) 
ROTA = Rotameter reading 
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WAgeie se LE 


Burner Calibration Data, 5.0 GPH Nozzle 


Supply High Nozzle Rotameter Mass Flow 
Pump Pressure Pressure Rate 
Pressure Pump x 103 
(P SIG) (PSIG) (P SIG) ee 2... ibn/sec 
> .5 75 70 26a / 7.734 
15.4 110 100 29.8 &.990 
mo. 3 160 150 S33 10.366 
ip. Pas Z2GS Se) = 0 11.904 
fe. il 270 255 4O.0 13.119 
to. 1 315 300 Je Toe 5 2 
1.0 250 330 “ug 15.7102 
95.5 Ls 70 8 ree S.059 
>. 4 110 100 BO 4 9.112 
i| Sie 160 150 sl ae, 10.690 
i. 2 ZA 200 Si aene. AZO T 
iS. 1 265 250 40.0 La19 
i. 0 320 300 43.1 14.374 
H>.0 340 325 “ueg 15a 102 
>.5 75 fae Zia) S205 
15.4 110 100 B0e 5 9.274 
15.4 160 ie 345.0 10.690 
ro. 3 215 ZOO a7 u a © Ol ets 
22 265 250 40.2 leon oS 
fo. 0 320 300 So es: ie iG 
15>. 0 350 3 30 45.1 tis. S3 

OTES 


1) Nozzie 60° MONARCH, 5.0 GPH 

2) Average fuel temperature 53° FP 

Bpeevucl; Number two diesel; specific gravity 0.864 
4) Mass flow determined from equation: 


Gea Oe totjo9 = ROTXY = 3.071594 


where 
Wr 


= Fuel Mass Flow Rate (lbm/sec) 
ROTA = 


Rotameter reading 
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TABLE IV 


Burner Calibration Data, 9.5 GPH Nozzle 


Supply High Nozzle Rotameter Mass Flow 
Pump Pressure Pressure Rate 
Pressure Pump x 103 
(PSIG) (PSIG) {P SIG) an ibm/sec 
to. 3 70 55 46.8 15e37 1% 
i. 0 LZ5 100 60.0 21.214 
W277 185 150 als 25.990 
vw. 5 250 200 82.9 30.4829 
14.4 870) 255 91.5 33.964 
14.3 335 270 94.8 355.500 
5.2 70 55 46.1 15.589 


The following values were obtained by placing the fuel 
control valve at minimum setting and throttling the 
high pressure pump discharge valve. 


<3 70 40 40.0 13.119 
io <3 75 25 Sarals, 11.095 
fo .5 a9 15 S16) 10, 9.071 
ie. 5 Ves 6 257.0 TiS Ue: 
NOTES 
ip ozzle 60° MONARCH, 9.5 GPH 
2) Average fuel temperature 53° F 
3) Fuel: Number two diesel; specific gravity 0.864 
“W) Atomization was poor below 50 PSIG nozzle 


pressure and ceased below 37 PSIG. 
5) Mass flow determined from equation: 


4F = 0.404759 *= ROTA - 3.971594 
wonere 


Wr= Fuel Mass Flow Rate (lbn/sec) 
ROTA = Rotameter reading ‘ 
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TABLE V 


Thermocouple Display Channel Assignments, Type K 


hannel Assignment 
1 Exit Plane (TEP) 
2 Plenum Ambient 
3 Uptake (TUPT) 
4 Burner (TBURN) 
3 Noggr> BOXea= the postition 

of the removed burner 

6 Mixing Stack, thermocouple 5 
1 Wen gustecr,. (nermoccuple 10 
8 Mixing Stack, thermocouple 38 
9 Mixing Stack, thermocouple 12 
10 Mielagescack, thermocouple 11 
11 Mixenaqustack, thermocouple 7 
12 Nueriges eck, cnherncecouple 4 
13 Mixing Stack, thernoccuple 6 
14 MEGungeoeacki,, oneEnNocouple 3 
ls Mixing Stack, thermocouple 9 
16 Mixing Stack, thermocouple 2 
17 Mixing Stack, thermocouple 1 
18 unused 
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TABLE VI 


Thermocouple Display Channel Assignments, Type T 


Channel Assignment 


Fuel Suppiy 
Ambient Air (TAMB) 
Inlet Air Supply (INH) 
unused 
Moee lea esa touGd. */0=0.25 
Model B Shroud, X/DdD=0.5 
Model 3 Shroud, X/Dd=0.75 
Model B Shroud, xX/D=1.0 
Model B Shroud, X/D=1.15 
Model B First Diffuser Ring 
X/D=1.15 
11 Model 8B First Diffuser Ring 
X/D=1.25 
12 Model B Second Diffuser Ring 
X/D=1.25 
13 Model B Second Diffuser Ring 
Debs 5 
14-18 unused 
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TA BLE 


Model Characteristics 


Mixing Stack Assembly 
L/D (overall) 


Mixing Stack 
Inside Diameter (D) 
L/D 
Rows Of Yilm Cooling Slots 


Siseud Start Position (X/D) 
Diffuser 

Number of Rings 

Ring Length (1/D) 

Half Angle 
Film Cooling Clearance 
Stand-off Distance (S/D) 
Primary Nozzles 

Number 


Type 


Am/AD 
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Mixing Stack Pressure Data, 


TABLE AVIII 


Model 3 


a ape ee ee ee ee ee eee a ae ee cee Oe Oe ae es es es eae eee ee ee ee 


Uptake 
Temperature 


Position A 


Position B 


Position A 


Position B 


Ambient 
Temperature 
ij F) 


Peemary Nozzl 
Metbocity (rt/ 


Axial 
OS shee le) es 
180 
0.0 -1.81 
0225 -0.93 
025 -0.19 
0.75 -1.08 
0.0 -1.83 
as: -0.98 
O25 -1.14 
0.75 -1.08 
0.90 -0.030 
0275 -0 .016 
0.5 -~) .003 
O75 -0.019 
Hes0 -0.030 
Op25 -0 .016 
OS -) .019 
Pe be -9.017 
TALS 
= Pe rer ee\, 
sec) 


Mixing Stack Pressure 
~._(in-_H.9_ referenced £90 8B) __ 


850 


(225) 


950 


oe ee 
-0.18 
Sit. 6 


~2.07 
wy thes 2 
oe Ar ee 
ee Un aS: 


S229 
=Niere Ss 
8 etl G 
Slo All 


= ial 
we (28 
File oe 
= eZ 


Pi S> 


205 


= O70 10 
HOLS O18 S, 
-0.001 
sUe01 | 


SS Ne 
= 10)7, (0) 1/86, 
~0.011 
-0.010 


-0.017 
~0.009 
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TABLE XIX 


Mixing Stack Temperatura Data, Model B 


Thermocouple Axial Mixing Stack Temperature 

Bete OS e. OD ee (SE) 

Uptake 180 850 950 
Seemmapeteoe CCPL) Ct 

5 O=6 Koce. XXX XG 

10 020 X XX God e XXX 

8 0.41 68 128 154 

| 2 0.41 70 139 igo 

11 0.36 72 160 193 

7 0.46 70 125 1s 

Yu 0.61 15 182 208 

6 a7 86 240 261 

3 0.89 77 213 261 

9 0.389 93 284 306 

2 0.84 66 77 70 

1 0.94 86 231 255 

Ambient 71 73 77 
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TABLE XX 


Shroud and Diffuser Temperatur2 Data, Model B 


Axial Tenperature 
ere OSA fie ees (OSE) 
Uptake 180 850 950 
I te ee (2 8) Bt 
Shroud C225 7Oiee. fo Soe 
Ore 5 70.5 81.9 S525 
0.75 7Seo 71650 130.8 
120 Joo 179.9 204.0 
eS 81.3 162.0 181.0 
First 1615 70.9 82.4 5250 
Diffuser lia2’S 71.6 86.0 96.8 
Ring 
Second te 5 72.6 sh as 96.3 
Diffuser 
Ring 
Ambient 71 72 Ty 


IT 
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Exit Plane Temperature Data, Model 8 


— tA a i ee ee ce le eae ee SS EE ee ee i ee en ee ee ie 








Axial r/Ras Temperature 
ne 25. ORME 8 eee, (22) ee 
Uptake 82 Bo 553 
Memeerature (7). = 
0.0 Veediz 3 78 156 164 
O; Ps2 105.3 96 285 297 
0.5 0.983 102 327 366 
0.75 0.913 108 Joe 390 
0 0. 843 170 364 406 
22 Oe. 72 V2 380 422 
ilies oa Ae bs 400 440 
Ve7sS OaGcz 120 420 450 
24.0 Ga 562 126 436 466 
2 1s 0.491 130 G54 4380 
252 0.421 135 469 498 
Zado G2 351 140 479 516 
560 0. 231 143 491 524 
Sas Ga2411 146 504 544 
5S 0. 140 146 506 Sy 
Ben 1 9 C2070 146 511 Bye) 
1.0 GeO 146 574 564 
4.0 Onno 145 518 51 
Beto Oe07 0 145 512 570 
Bro O. 140 144 506 571 
3.25 Oe 733) 144 495 567 
340 OF 233 142 4382 560 
IG ae. G25: 139 R70 550 
2e> 0.421 137 45u 557, 
Zee > 0.491 134 435 20 
20 Oe50 2 130 424 509 
cee is, 0.632 126 406 492 
io O2702 123 388 479 
he25 Oe 712 118 374 462 
Heed) 0. 843 116 364 44 7 
Gai G29) 3 113 347 434 
ORs 0. 983 108 296 424 
0225 i. 053 99 200 410 
OU a ar 75 24p.0.4 352 
Ambient 71 oy 77 
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I. PRIMARY AIR CO} 


ito 
{50 
itz 
Ww 
Is 


R OPERATION The primary air 
flow for the gas generator is supplizd by a Carrier Model 
18P 352 three stage centrifugal air compressor located in 
Building 230. The compressor is driven through a Western 
Gear Model 95HSA speed increasing gearbox by a 300 horseée- 
power General Electric induction motor. The compressor 
serves various other experiments both in building 230 and 
249. Figure (14) is a schematic of the compressor syste 
layout. The cooling water svstem serves both the Carrier 
compressor and the Sullivan compressor for the supersonic 
wind tunnel in building 230. 
Lube oii for the compressor and speed increaser bearings 


=s supplied from an external sump by either an attached pump 


t~ 
fs 
ox 
@M 
O 
te 
}— 
\~ 
07) 


Or an electrically driven auxiliary pump. The 
codled in a closed leop oil to fresh water heatar exchanger. 
meeeing water circulates within its own loop and is coole: 
in an evaporative cooling tower which stands between puild- 
ngs 230 and 249. Makeup is automatically provided to the 
fresh water looo by a float operated valve in the coolin 
tower. 
mt 2S recomended that the lube sil system for «he 


compressor be started aporoximate Si] POus DELOr =e 


t~ 
M< 
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compressor lightoff. This ensures adequate pre-Lubrication 
and warms the oil to some degree, decreasing starting loads. 
This is critical, as the compressor operates at near the 
capacity of the breaker in the supplying substation. Should 
this breaker trip out during the starting sequence it will 
be necessary to call the trouble desk and have base 
electricians reset it. 

During periods when operations ar2 being conducted daily 
or when it is desired to operate early in the aorning, it is 
permissable to leave the auxiliary oil Dump running over- 
hight with the cooling water system secured. This will 
maintain the lube oil at a temperatur2]= suitable for lightoff 
and eliminate this delay. 

When fully warmed up the compressor supplies air to the 
gas generator at 170-1909 F. It normally takes the 


compressor about one hour to reach stable operation at this 


j++ 


obta 


ct 
O 


temperature. Although it 1S possibls n 


jv 

QO 

e) 

ey) 

Si Ve} 
iD 

ct 

W 

4 

{ 


ct 


ator lightoff with a lower air supply temperature, sta 
operation enhances data taking and reduces the nuaber of 
Bencrol adjustments required during data runs. It is, 
therefore, desirable to allow the system to fully stabilize 


Memon tO Lighting off the gas generator or collecting data. 


The following lightoff sequence is recommended: 


SS) 
= 
© 






A) Check the oil level in the compressor's external 


E) 


C) 


D) 


sump. Oi1 should be within four inches of the top 


of the sight glass. 


tart the auxiliary oil pump by positioning the 
"hand-off-automatic™ switch (Figure 15) in «he 
"hand" position. The electric pump will start and 
oil pressure should register approximately 30 PSIG. 
Inspect the system for leaks and note the level in 


the external sump. 


Wait 45 minutes to one hour. During this period the 
compressor bearing temperatures should rise to 


approximately 709 F. 


Line up the combustion gas ganerator for operation. 

1) Open the two manometer isolation valves at the 
pressure taps on either side of the inlet 
reducing section (Figure 5). Reconnect 
Manometer tubing at the manometers if it has 
previously beén disconnected. 

2) Ensure the main air supply butterfly vaive is 
Eugiyrelosed (FPagure 6) . 

3) Open the air supply bypass globe valve two and 


One quarter turns (Figures 6). 


Patt 






Open the manually operated 4 inch butterily 
9) and open 


4) 

isolation valve (Figure 5). 

Energize the main power panel (Figure 
Supply and 


9) 
the electrically operated burner air 
5g Daye 
is clear. 


cooling air bypass valves 
Ensure the gas generator exhaust area 


6) 


Start the air compressor fresh water cooling system: 


Check the water level in the cooling tower, 
“he 


1) 
should be at the level of the inlet line. 
Open 


Vent the ccoling water punp casing. 
petcock on *he suction side of the pump casing 


2) 
until all air in the suction line is expelled. 
eS 


to the Sullivan compressor 


Ensure valve ai 


3) 
closed. 
Uy Open valve "B" te the Carrier compressor. 
5) Start the cooling water pump and cooling tower 
Micisenes ene er tacked with 
start unless the pump is 


fan (Figure 17). 
the pump and will not 


*Oo ensure 


mip at nd 
SB) taspect the cooling tower drip lattices 
Saee= User culating. 


Open the drain on the air conpressor air cocling 


bank (Figure 19). 






G) Ensure the compressor air suction valve is fully 


closed (indicator vertical) (Figure 20). 


| 


hazardous noisé. Ensure all personnel in «he 
vicinity are wearing adequate hearing protection 


BuLor tO Starting the compressor. 


ct 
es 
(Db 


H) Start the air compressor motor (Figure 13), 
controller uses an automatic two stage start 


earecuit. 


I) When the compressor is fully up to speed, switch the 
guxiliaary Lube o1] pump to the “automatic"™ vosition. 
Lube O11 pressure should ramain about 24-30 PSIG. 
Cil is now being supplied by the attached pump 


G@riven by the speed increasing gearbox. If the oil 


e 


pressure sheculd fa11 to 12 PSIS, the auxiliary pump 


her Staimt automatically. 





J) 


K) 


When compressor operation has stabilized, slowly 
open the suction valve until the indicator is in the 
full open (horizontal) position. Air is now being 
supplied to the gas generator. Bypass air from the 
supply to other experiments will also be discharged 
outside the rear of building 230. Normally it is 
not necessary to secure this bypass flow, but in 
unusual circumstances it may be stopped by closing 


the isolation valv2 on the cooling bank (Figure 19). 


Operation of the air compressor should be monitored 

periodically. 

1) Normal oil pressure from the attached pump is 24 
PISG. Specified bearing pressures are 20-25 
eolG. 

Oyeuermal oil pressure from ®tne auxiliary electric 
pump is 30 PSIS. 

3) Normal oil temperature at the outlet of the lube 


Oil cooler is 100-1059 F (135° F maxinum). 


iD 
H 


4) Normal Bearing temperatures for the compreasse 
are 140-1609 PF. Speed increaser o1l temperatura 
is normally 129-1309 F. 

5) Do not allow any bearing temperature to excced 


200° F. In the event bearing temperatures rise 


above 180° fF during normal operation, the oil 


hth 


cooler should be inspected for proper water 
temperature and flow rats. 
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Ti. GAS GENERATOR LIGHT OFF Allow the air compressor to 


tha 


operate for approximately one hour in order for air inlet 


temperature to the gas generator to stabilize. 


A) Approximately 15 minutes prior to gas generator 
light off, line up the fuel system and place it in 
operation. 

1) Open the fuel tank suction valve (Figure 22) and 
bulkhead isolation valve (Figure 21). 

2) Ensure the solenoid operated emergency fuel 
cutoff valve is closed and close «he HP pump 
Manual discharge valve. 

3) Open the nozzie box drain valve. 

4) If this is the first time the system is being 
placed in operation, open both the fuel control 
valve (Figure 8) and the needle trimmer vaive 
(Figure 24) fully. If the trimmer valve is 
known *o be properly set, it need not be 
adjusted as described in this and following 
steps. 

Eyeectane tne fuel supply pump. Fuel supply pressure 
Will be 14-16 PSIG. 

Seceaneecne HPopunmp, Wach Doth toimmer and fuel 

h 


control valves fully opea < 


to 
{~— 
Ul 





B) 


7) 


8) 


Will be 25-30 PSIG. With «he trimmer valve 
properly set and the fuel control valve fully 
open, the HP pump discharge pressure will be 80 


PSIG. 


If the trimmer valve is t> be adjusted, close the 


fuel control valve with the trimmer valve fully 
Open. Observing the HP pump dischargé pressure, 
slowly close the trimmer valve until the HP pump 
pressure reaches 350 PSIG. The trinmer valve is 
now set and the fuel control vaive should 
provide smooth control over a range of &0-350 
PSIG HP pump discharge pressure. All subsequent 
fuel control adjustments will be mad2 using the 


fuel control valve. 


Using the fuel control valve, set the HP vuap 


discharge pressure at 200 SSIG and allow <he 
system to reciztculate for 10-15 minutes to wara 
tne fuel. This facilitates combustion and 


ensures a clean lightofréf. 


When the inlet air temperature reaches 170~13809 F, 


the gas generator nay be lighted off. 


1) 


Adjust inlet airc bypass valve to obtain a 


pressure of approximately 4.0 in Hg at the 
upstream side sf the inist reducing section 


(ONHA). 





2) 


3) 


4) 


5) 
6) 


7) 


8) 


Ensure the burner air valve is fully open. 
Adjust the bypass cooling air valve to obtain a 
pressure drop across the U-tube of 1.60 inches 
H,O. In some cases it may be necessary to leave 
the cooling air bypass valve fully open and 
reduce the inlet air pressure (PNH) slightly to 
obtain this setting. The pressure drop across 
the inlet reducing section {DELPN) will be about 
15 lnches H,O. This provides the reconmended 
Miguwore ais fel rates of 20% 
Open the HP pump manual discharge valve fully. 
Set the high temperature (Type K) readout to 
monitor burner temperature (TBURN). Set «he low 
temperature (Tyce T) readout to monitor air 
inlet temperature (TNH). 
Ensure the gas generator exhaust area is clear. 
Adjust the HP pump discharge pressure to 150 
DSIG. 
Depress and hold down the spring loaded igniter 
Switch for 10 seconds. 
hit seweOnr InUIngmecO HOldgehe ldgnetor Swi=ch 
depressed, open the solenoid overated emergency 
fuel cutoff valve. Ianition should be observed 
in 6-712 seconds. If the gas generator fails +o 
light, close the emergency fuel cutoff valve and 


melecasemsn= 290 12¢s Switch. “Allow <he system to 


Zy 








purge for 5 minutes or until no raw fuel is 
being expelled from the primary nozzle. If the 
gas generator fails to light, raw fuel will be 
expelled from the primary nozzles and will 
collect in the base of the secondary plenun. 
fas esvouid be Wiped@up prs er =o continuing. 

9) When ignition is observed, release the ignitor 
Switch. 

10) Observe the burner temperatur2. When the burner 
temperature reaches 1090° F begin reducing fuel 
pressure toward minimum (70-75 PSIG at the 
burner nozzle, (PNOZ)) to stabilize burner 


temperature between 1000 and 13009 F. 


[a= oes ese ee ee ee PT a ei a a ata | 


WARNING Do not allow burner temperature to 


exceed 15009 F. 


| 
| 
| 
| 
| 
| 


Le ESE ES Ee ee a eee ee se ee | 


It will be necessary to close the cooling air bypass 
valve to about 50 per cent open to achieve stable 


operation at the desired burner temperature. 
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| 
| 
| 
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CAUTION Do not allow burner temperature to 
fall below 10009 F. The gas generator will 
begin to emit white smoke when the burner 
temperature falls to about 950° F and combus- 
tion will cease ata burnar temperature of 
about 8009 F. Lt combustion ceases there will 
be a noticable change in sound intensity 
accompanied by quantities of white smoke and 
Fapidly falling burner temperature; immedi- 
ately close the emergency fuel cutoff vaive. 


Readjust fuel and air controls to lightoff 


settings and reinitiate the ligntoff sequence. 


wea @=B awe “SB ami (Saws “SP aump eee awe SP ae ee eee ee eee eee eee oe SE ge |e SE eee 


| 


The prescribed lightoff sequence usually leads <*o 
Stable operation with an uptake temperature cof 


4Q00-500° F and an uptake Mach number of about 0.07. 


Zio 


hip cme eee ewe ecm ee ee ee eee es eee ee ee ees ee eee ae 





a 


WARNING Do not allow uptake temperature to 


exceed 12009 F at any *ims. 


| 
La 


encase es Seni entan Scene acl <onincias <i Eee DRL aaa eS ee a ee 


11) When stable operation has been established, 
close the nozzle box drain valve prior to 


attempting to adjust the uptake Mach number. 


III. TEMPERATURE/MACH NUMBER CONTROL 

The control process consists of 2 iterative sequence of 
adjustments in the uptake temperatur2 (TUDT), inlet air 
pressure (PNH), and bypass cooling air mass flow. Some 
practice is necessary to achieve reasonable accuracy in the 


adjustment process. It must be kept in mind that effect of 


the bypass cooling air valve varies depending on the valve's 


x 


mes tial vosition. hen th2 bypass valve is mor2= than 50 per 
cent open, opening the valve reduces air flow through the 
burner, increasing burner temperatur2 (TSURN), however, the 


increase in the proportion cf cool bypass air mixing with 


the combustion gas <r 


iD 
0) 


ul+s in a lower uptake tenperature. 


Kap 
iD 
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the combustion chamber, that is, when the bypass valve is 





less than 50 per cent open, and particularly when it is less 
than 25 per cent open, th2 increase in burner temperature 
resulting from opening the bypass valve more «han offsets 
the increased proportion of cooling air and the uptak=2 temp- 
erature will raise when the bypass valve is opened. With 
these cautions in mind, toe following adjustment procedure 


is recommended: 


A) Adjust the fuel control valv2 to obtain che desired 
uptake temperature. Do not allow burner temperature 
to fall below 10009 F or to exceed 1300° F during 


this process. 


B) AS burner temperature approaches one of the limits, 
change air flow through the burner either by 
adjusting the bypass valve or the inlet globe vaive. 
Choice of control ievice depends on «ne prior oper- 
ating state. If the system nas been stablized at 


the desired Mach number it is usually best to 


ct 


} 4- 


ons by 


control burner temperature during trans 
uSing the inlet globe valve. The key operating 
parameters are uptake temperature (TUPT) and uptake 
oressure (PUPT). Burner temperature is nonitored to 
ensure safe combustion is maintained. For operation 
Ween Upeake an Mach number of approximately 0.065, 


the values in Table XXII are recommendad: 
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Peel AALS 


Recommended Initial Control Settings 


ee 


— [Se Se = = 
| 
TUPT DUPT 
(° F) (inches H 0) 
950 lees 
i 750 10.5 
| 650 Sree 
| 0 68, 
| Wis a Ss 
| 
Lis eee ee eee eee ae eens _ eewree 
C) Compute the uptake Mach number (UMACH) using the 
formula: 
~4 Ome = 
UMACH = 1.037 x 10 CEU Piney ) x ((((PNH + B) x DELPN 
V4 TNHR) 2+? tee oes os ig < ROTA) + 2.085 x oe) 
Vapor (PUPT / 1325717))) 
(eqn A.1) 
wheres 
UMACH = Uptake Mach number 
TUPTR = Absolute upt2ke temperature (8) 


v See OO Ok sdeCl =1C Reats for ait 


IIs 
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APAVAC Lane A ae 


Values Of the Ratio of Specific Heats for Air 


—-. a 

pia 10 os yf 

(3.2) | 

175 Ves oo 1 

550 1.3805 

650 1.3741 

750 te 3077 

B50 1.3614 

950 23556 
EEE 


DELPN 


ONE ER 


ROTA 


is CD e ak 


ALr pressure before the inlet 
reducing section (inches Hg} 

Corrected atmospheric pressure 
(inches Hq) 

Pressure drop across she inlet 
EBeaqueing Sseee.0n (22ches H>0) 

Absolute air temperature before the 
HVlee seductag seccion @(8) 

Fru2zl mass flow rotameter reading 


Gas pressure in the uotake section 


Te fs 





D) 


E) 


Adjust the uptake temperature and pressure as neces- 
sary using a combination of inlet globe vaive, 
cooling air bypass valve, and fuel control vaive 
changes until the desired test Mach number is 


obtained. 


If inlet air temperature has been allowed to 
Seaulize PEAOr £O Gas generator operation, it will 
be found that, once the desired uptake temperatures 
and Mach number have been set, no adjustments to ths 
system will be required during data tuns. Uptake 
temperature will be maintained within plus or minus 
four degrees and uptake Mach number will vary less 
than 0.001 under most circumstances. The largest 
Variations in uptake Mach number observed have bean 
during pumping coefficient runs when changes in 
secondary flow induce large changes in uptake pres- 


Sure. If the gas generator is at the operating 


or 


(p 


Point pater to Closing the plenum, it@will be unnec- 


in 
iD 


esSary 2O Make adjustments for the slight inecrea 
(0.0005 to 0.0010) in Mach number which occurs when 


secondary flow is shut off. 





A) When data runs are complete , shut down the gas 


generator by reducing the fuel pressure to nininmun 


and immediately closing the solenoid operated esmer- 


gency fuel cutoff valve. 


1) 
2) 
3) 


4) 


5) 


6) 


Shut off the aigh pressure fuei pump. 

Shut off the fusl supply pump. 

Open stne cCOling, alc bypass valve fully. 

Open the inlet bypass globe valve until an inlet 
pressure (PNH) of 4.0-5.0 inches Hg is obtained. 

Allow the gas generator t> run in this manner 
until the uptake temperature drops to 
approximately the inlet air temperature. 

Close the fuel system bulkhead and tank isolation 
Vicivieseeee le t= "GOO0a Dracte»ce to refill the fuel 
service tank at the end 92 @ach operating 
BeSlod.e | Neepi hg =ne tank ftuli of fuel reduces 
moisture buildup from condensation. Any water 
or sediment which might enter the tank during 
Filling will have time ts settle out and can be 


Benovegwen=OuCn Ths Strippang Connection orior 


7A Ua: 





B) 


C) 


D) 


E) 


When the gas generator has cooled sufficiently, the 

aixc compressor may be shut down. 

1) Close the compressor suction butterfly valve. 

Bestop the Glectric motor. 

3) When the compressor oil pressure falls below 20 
RPowG ecwecc the auxrtlsasy O11 pump control from 
the "automatic" to the "hand" position. 

4) Allow the lube 911 system to run for one hour or 
until the compressor bearing temperatures are 


less than 80°92 


yj 


Bese Op =he auxiliary lube oz: il pwmo. 
Giese op the Cooling tower fan and ccoling water 


pump. 


Close the 4 inch butterfly nanual isolation valve. 


Close the inlet bypass globe valve. 


Open the nozzle box drain valve. 


Close the manometer isolation valves. Tt is also 


Goede practice to disconnect the inlet air pressure 


(PNH) and reducing section pressure drop (DELPN) 


manometers at the nanometer. Ozhe seers oi «he 


ry 
ro 


@D 


COMpreSsor operate at oressures sufficient to over- 


pressurize these instruments. Over-pressurization 





G) 


of the mercury nanometer which measures the inlet 


pressure could result in a hazardous mercury spill. 


De-energize the main power panel and shut off the 


thermocouple readouts. 


7) 





The determination of the uncertainties in the 
experimentally determined pressure coefficients and pumping 
coefficients was made using the methods described by Kline 
mmommcclintock {Ref. Kiine]. The basic uncertainty anylysis 
mere che cOld flow eductor model test facility was conducted 
Seen { Ref. Ellin}. Hill [Ref. Hililj follows this 
development in analysis of the hot flow facility. Hill's 
analysis has been correct2d for changes in the neasured 
Mecertainties resulting from the installation of new fuel 
flow measuring equipement. The uncertainties obtained using 
the seccnd order equation suggested by Kline and McClintcck 
Meare applicable to the experimental work conducted during 


*he present research and are listed here. 
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